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ABSTRACT
The luminescence properties o f erbium-doped silicon with fluorine as a codopant have 
been studied. Erbium in silicon is seen as a very promising way to obtain light emission 
from silicon. With the aim o f improving understanding o f the role o f fluorine in the Er:Si 
system, erbium and fluorine were implanted into silicon substrates and annealing was 
carried out to regrow the damaged silicon. The material properties were studied using 
Rutherford backscattering spectrometry and correlated with the luminescence properties, 
which were investigated using photoluminescence spectroscopy. Frequency resolved 
photoluminescence spectroscopy was used to provide information on the lifetimes 
associated with the luminescence process. This is the first time this technique has been 
applied to this system.
Erbium has been incorporated in good quality crystal Si at concentrations up to 1020 cm'3. 
This is two orders o f magnitude greater than the estimated solid solubility and equals the 
highest reported concentration for erbium in crystalline Si. For all but the highest fluorine 
dose employed, regrowth o f the silicon took place to at least within 250 A  o f the surface. 
Fluorine doses o f 5xl016 cm"2 appeared to disrupt the epitaxial regrowth o f the silicon and 
very weak photoluminescence was obtained. At the lowest fluorine dose employed 
(1015cm"2) segregation o f the erbium occurred into two regions consistent with the 
formation o f a buried amorphous layer following the original implants.
In high resolution photoluminescence spectra, lines were observed which have been 
identified as due to isolated interstitial erbium. A  thermally unstable interstitial lattice site 
o f hexagonal symmetry was also identified, as well as lines originating from implantation 
related defects.
All the samples exhibited luminescence whose decay could be represented by two 
lifetimes, both o f which were strong inverse functions o f temperature, and whose values 
at 75 K were approximately 200 |ls and 700ps.
An idea for a temperature sensor is presented which could be realised using current 
implant technology.
Publications List
The following is a list o f articles published by A. K. Kewell as joint author during his 
period o f study at the University o f Surrey.
1. Development o f a library o f low-loss silicon-on-insulator optoelectronic 
devices. C. K. Tang, A. K. Kewell, G. T. Reed, A. G. Rickman and F. 
Namavar, I E E  P r o c . -  O p t o e le c t r o n . ,  143 (1996) 312-315.
2. Erbium-doped silicon and porous silicon for optoelectronics. G. T. Reed and 
A. K. Kewell, M a t e r .  S c i.  a n d  E n g .  B , 40 (1996) 207-215.
3. Integrated temperature sensor in Er-doped silicon, A. K. Kewell, G. T. Reed 
and F. Namavar, S e n s o r  a n d  A c t u a t o r s  A ,  65 (1998) 160.
CONTENTS
Abstract ii
Publications List iii
Contents iv
Chapter 1 INTRODUCTION 1
Chapter 2 LITERATURE REVIEW OF SI-BASED LIGHT SOURCES 5
2.1 Introduction 5
2.2 Silicon-based light sources 5
2.3 Bandstructure engineering 8
2.3.1 SiGe heterostructures 8
2.3.2 Quantum confinement 11
2.3.3 Si-based quantum well intersubband lasers 14
2.4 Iron disilicide 16
2.5 Isoelectronic impurities 17
2.6 Erbium impurity doping 17
REFERENCES 19
Chapter 3 PROPERTIES OF ERBIUM IN SILICON 23
3.1 Excitation and deexcitation mechanisms 24
3.1.1 Optical excitation 27
3.1.2 Mechanisms o f temperature quenching 31
3.1.3 Electrical excitation 36
3.2 Structure o f the Er-Si system 37
3.2.1 Local environment 37
3.2.2 Concentration limitations 40
3.2.3 The role o f codopants in enhancing Er luminescence 42
3.2.4 Electrical behaviour 45
Acknowledgements i
3.3 Doping techniques 47
3.3.1 Ion implantation 47
3.3.2 Molecular beam epitaxy 48
3.3.3 Laser doping 49
3.4 Applications o f Er:Si 49
3.4.1 Light emitting diodes 50
3.4.2 Lasers 51
REFERENCES 52
Chapter 4 EXPERIMENTAL 57
4.1 Introduction 57
4.2 Starting material 57
4.3 Ion implantation 58
4.3.1 Principles o f ion implantation 58
4.3.2 Overview o f the implanters employed 59
4.3.3 Implant conditions 60
4.4 Annealing 61
4.5 Rutherford backscattering and channelling 62
4.6 Photoluminescence 65
4.6.1 Introduction 65
4.6.2 Photoluminescence spectroscopy 66
4.6.3 Photoluminescence lifetime spectroscopy 67
REFERENCES 70
Chapter 5 THEORY 71
5.1 Introduction 71
5.2 Theory o f FRS 71
5.3 Equations used in analysis of RBS data 73
5.3.1 Kinematic factor 74
5.3.2 Determination o f depth 75
5.3.3 System calibration 77
v
5.3.4 Dosimetry
REFERENCES 79
77
Chapter 6 RESULTS AND DISCUSSION 80
6.1 Assessment o f the implants using RBS 80
6.2 Photoluminescence spectroscopy 88
6.2.1 Introduction 88
6.2.2 Types o f luminescent centres present 88
6.2.3 Effect o f additional annealing 98
6.2.4 Effects o f composition 101
6.2.5 Temperature dependency o f the luminescence 107
6.3 Lifetime measurements 112
6.3.1 Introduction 112
6.3.2 Lifetime distributions 113
6.3.3 Arrhenius plots o f lifetime and PL intensity 121
6.4 Integrated temperature sensor in Er-doped silion 129
6.4.1 Introduction 129
6.4.2 Calibration o f the temperature dependence o f the
Er3+Luminescenee lifetime 131
6.4.3 Temperature sensor design 134
6.4.4 Signal processing system 136
6.4.5 Noise analysis 138
REFERENCES 142
Chapter 7 CONCLUSIONS AND SUGGESTIONS FOR FURTHER
WORK 142
7.1 Introduction 142
7.2 Material and luminescence properties o f Si:Er, F 142
7.3 Technological roles for Er-doped Si 146
7.4 Suggestions for further work 148
REFERENCES 149
vi
Chapter 1 Introduction
1 INTRODUCTION
As far as facilitating the dissemination o f information goes, silicon chips are to the last 
decades o f the 20th century what the railways and telegraph were to the end o f the last 
century. As such, investment in silicon semiconductor fabrication plants is huge. As 
befits such enormous expenditure, the properties o f silicon are very well known: high 
mechanical strength, high charge carrier mobility, etc. [1]. In addition to its electrical 
properties, researchers in the growing field o f optoelectronics have realised that silicon 
also possesses extremely desirable optical properties. Waveguides with low loss at
I.54 pm [2] (one o f the telecommunications wavelengths) can be integrated on the 
same substrate with modulators [3], sensors [4] and other photonic functional 
elements.
Unfortunately, the bandgap o f silicon is indirect, meaning that, unlike III/V materials, 
as a light emitter silicon is very poor. The last decade has seen a concerted research 
effort to address this problem [5]. One o f the most promising possibilities revolves 
around the intense emission at 1.54 pm from erbium when it is located in a crystal 
field, such as occurs in the silicon lattice [6]. As a way o f introducing Er into Si, while 
still maintaining the crystallographic properties o f Si, ion implantation has proved 
advantageous. The luminescence from Er is improved in the presence o f oxygen, either 
as a vestige o f Si wafer fabrication, or added deliberately as a codopant [7]. As an 
alternative to O, other codopants, such as F, have demonstrated their worth [8]. 
However, whilst O has received the lion's share o f the attention in the literature [9, 10,
I I ,  12, 13, 14, 15], F has been relatively neglected [16, 17, 18].
1
Chapter 1 Introduction
This project sets out with the aim to provide additional information in the following 
lines o f research. Firstly: to add depth to the study o f F as a codopant in Er-doped Si. 
Secondly: to identify technological niches in which Er-doped Si may outperform, in 
some way, materials which are currently being used.
V.
The development o f this thesis is as follows. Chapter 2 explores the issue o f obtaining 
light emission from Si and reviews the technologies which are being developed to 
achieve this. The properties o f Er-doped Si are reviewed in chapter 3. The 
experimental techniques used to implant Si with Er and F and then examine properties 
o f the resulting materials are presented in chapter 4. The theory which is used to 
analyse the experimental data is described in chapter 5. The experimental results are 
analysed and discussed in chapter 6. Finally, this thesis concludes with a summary o f 
the main results and ideas for future work in chapter 7.
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2 LITERATURE REVIEW OF SI-RASED LIGHT SOURCES
2.1 Introduction
Silicon (Si) forms the backbone o f the microelectronics industry. This dominance is 
due to a profound understanding o f its physical and electrical properties, the 
availability o f large wafers and a reasonably high carrier mobility allowing the design 
o f fast devices. Silicon is also proving to be very suitable for optoelectronic 
applications at wavelengths beyond the bandgap wavelength ( k  >  1.05 jam), 
particularly at the fibre-optic communications wavelengths o f 1.3 and 1.5 |!m. Silicon 
optoelectronic devices compare favourably with those fabricated in III-V  materials 
despite the lack o f a first-order electrooptic effect.
Today the unmet challenges in Si-based electro-optical devices are efficient 
light-emitting diodes, lasers, optical amplifiers, and GHz electro-optical modulators 
operating within the 0.8-1.6 |im wavelength range, a range that includes the popular
1.3 and 1.5 pm fibre-optic wavelengths. The indirect band gap o f Si is the main 
obstacle to the realisation o f these devices (Fig. 2.1).
2.2 Silicon-based light sources
As the density o f components on integrated circuits has increased, so has the rate at 
which information must be transferred between chips. Circuits based on
5
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WAVE VECTO R
Fig. 2.1. Energy levels o f Si, showing first three conduction and valence bands. From [1],
very large scale integration (VLSI) design may require up to 1000 wire-bonded pins to 
communicate with other circuits. Communication between chips would be speeded up 
if the information were conveyed by electromagnetic radiation instead o f electrons.
Attracted by the possibilities o f faster operation, researchers are currently designing 
photon-driven homologues o f some all-electronic devices. Over the last twenty years, 
much fundamental research has been carried out on photonics, one o f the goals o f 
which is the optoelectronic integrated circuit [2].
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The materials o f choice for these devices are usually a combination o f binary (GaAs, 
InP), ternary (AlGaAs) or quaternary (InGaAsP, InGaAlAs) III-V  semiconductor 
compounds. Since these have obvious advantages over silicon (direct band gap, optical 
activity), the role o f silicon was relegated to use as a substrate material. Recently, 
however, low loss (<  0.2 dB/cm) waveguides [3,4,5,6,7] and efficient modulators 
[8,9] have been created using silicon on insulator (SOI) technology and, in parallel 
with this work, development o f silicon photonics in the last few years has been such 
that a list o f achievements could include fibre optic transmitters, wireless transceivers, 
information display panels, printing and xerography elements, spatial light modulators 
and infra-red imaging devices [10].
Compared to Si, III/V materials, the current mainstay o f optoelectronics, suffer from 
smaller wafer size, higher cost and poorer mechanical and thermal properties. In 
addition to the availability o f wafers up to 15" and superior mechanical properties, the 
other advantage o f Si is the potential to tap the silicon microelectronics industry’s huge 
investment, in terms o f capital and manpower. A  major shortcoming o f silicon is the 
indirect bandgap, leading to very inefficient band to band luminescence. For band to 
band excitation, only one in a million events produces a photon (an internal quantum 
efficiency o f 10'4 %). This is hopelessly inefficient for an optical source or amplifier 
(commercially available III/V LED ’s have external quantum efficiencies o f up to 15%). 
Fortunately, the last decade has seen a fundamental effort to tackle this failing, based 
on a variety o f different approaches. These developments have been detailed by 
Canham [11] and Iyer and Xie [12].
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There are four main groups in which there is considerable research activity: 
bandstructure engineering; iron disilicide (FeSi2); isoelectronic impurity doping; and 
rare-earth impurity doping. The remainder o f this chapter discusses the advantages and 
disadvantages o f these four approaches, whilst the detailed discussion o f rare-earth 
doping is left to the following chapter.
2.3 Bandstructure engineering
2.3.1 SiGe heterostructures
SiGe heterojunction technology is an emerging stablemate for silicon, with the 
capability o f producing enhanced versions o f certain silicon microelectronic devices by 
virtue o f bandstructure engineering and superior materials quality [13]. An example o f 
bandstructure modification is the Brillouin zone folding predicted [14] in a 
short-period SinGem superlattice, where n and m are the number o f monolayers o f Si 
and Ge in each repeating layer, respectively. The greater overlap o f the conduction 
band states at the zone centre, shown in Fig. 2.2, increases the probability o f a direct 
transition. Photoluminescence was first observed in 150 period strain symmetrized 
Si6Ge4 superlattices [15,16] grown on partly relaxed SiGe alloy buffer layers on (100) 
Si substrates. Engvall e t  a l. [17] observed electroluminescence (EL) at room 
temperature at about 1.38 jam from a strain-adjusted Si6Ge4 superlattice. Photo- and 
electro-luminescence o f strained Si] xGex/Si quantum wells (where x refers to the 
fractional composition o f Ge) on Si(100) substrates from 77 K  to 300 K  have been 
observed [18]. The temperature quenching o f luminescence is weak for Ge4Si20Ge4
8
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Fig. 2.2. Example o f zone folding for a SiGe superlattice. The minimum o f the conduction bands 
coincides in k-space with the maximum o f the valence band.
O.ft 0.9 i.O 1.1 
P hoLon E rie ig v  (e V )
Fig. 2.3. Photoluminescence from a SiGe4 structure at several temperatures. From [19].
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embedded in a SiGe alloy (Fig. 2.3) [19]. In all the reports o f luminescence from SiGe 
structures, the optical efficiency is still 2-3 orders o f magnitude below that o f direct 
gap materials such as GaAs.
The most difficult hurdle from the technological point o f view is the preparation o f 
high-quality, short-period Si/Ge superlattices with a large enough overall thickness, 
which is required due to the large lattice mismatch [15]. Improvements have been 
brought about by the use o f low substrate temperatures (350°C) and low growth rates 
in molecular beam epitaxy (MBE) [16]. The addition o f Sb reduces the interface 
smearing commonly encountered.
2.3.2 Quantum confinement
It is known that the confinement o f electrons and holes in real space causes their 
wavefunctions to spread out in reciprocal space, which increases the likelihood o f 
strongly radiative transitions. Theoretical work based on first principle calculations 
shows that direct energy gaps can occur in Si filaments o f sufficiently narrow diameter 
[20] and in Si nanocrystals in a silica matrix. Canham [21] showed that the 
confinement requirements can be obtained by chemical dissolution o f porous Si (PSi) 
previously prepared by the electrochemical etching o f bulk silicon with hydrofluoric 
acid, leaving a network o f nano-sized Si columns (Fig. 2.4).
10
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Fig. 2.4. Cross section showing the columnar structure o f porous Si. From [11].
Under UV illumination, strong visible photoluminescence is observed at room 
temperature. In addition to the visible band, emission in the infra-red and blue regions 
o f the spectrum has been observed, depending on the processing steps used to make 
the porous Si layer. Furthermore, the origins o f the emission in each case are definitely 
not the same [22]. The visible emission is strongly believed to originate from quantum 
confinement in the silicon filaments. The infra-red luminescence is considered more 
closely below. Controversy surrounds the source o f the blue light: it may be 
luminescence from the oxide surrounding the Si remnants, or species present on the 
surface o f the oxide, for example silanol, may be responsible [22].
Due to its relevance to optical communications, we shall now focus on the IR
11
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luminescence from porous Si. Two types o f emission have been identified: firstly, one 
that is consistent with band gap wavelength or near-band gap wavelength 
photoluminescence (PL) from bulk-like crystalline Si (c-Si); secondly, a band that is 
commonly near 1.5 jam, but that can be tuned to above the bandgap wavelength o f 
c-Si. Only the second is o f use for integrated applications in Si, since the emission at 
the band gap energy would be subject to undesirable absorption. The tunable infra-red 
band, which is strong at 70 K, but decays rapidly at higher temperatures, can be 
enhanced by annealing in a vacuum at a temperature as high as 500°C for 5 min [23]. 
This band has been associated with dangling bonds, which are usually not sites o f 
radiative recombination. However, theoretical analysis o f dangling bonds suggests that 
radiative recombination can occur in nanoscale structures [24]. No PSi, solid state, 
electroluminescent devices emitting in the 1.5 jam region o f the spectrum have been 
demonstrated, although significant advances in the efficiency and stability o f PSi LEDs 
emitting in the visible region have occurred [22],
From the point o f view o f Si integrated optoelectronics, the material and electrical 
properties o f PSi are not encouraging. The filamentary nature o f the crystallites gives 
them a rather brittle structure and a huge surface area, with a strong ability o f the 
freshly prepared material to absorb species from the ambient, leading to subsequent 
degradation o f luminescence performance [22]. The quantum confinement in 
nanometer-scale crystalline columns is inconsistent with good electrical transport. As 
for the optical properties, the broad linewidths (100 nm, or more) and the optical 
degradation just mentioned, are hardly conducive to the fabrication o f devices suited 
to telecommunications. Notwithstanding the degradation problem, the possibility to
12
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have emission at the red, green and blue parts o f the visible spectrum could lead to 
porous Si finding an important niche in display applications. An interesting new 
development in PSi research has been the development o f waveguides at 1.28 and
0.6328 pm by switching between high and low current densities during the anodic etch 
process [25].
Nanometer-size Si clusters in Si02, prepared by Si implantation, followed by thermal 
annealing, show broad (-100 nm) emission which peaks at 0.7 to 0.8 pm 
[26,27,28,29]. The origin o f the luminescence is thought to be due to a quantum size 
effect, similar to that proposed for the visible luminescence from PSi. Alternatively, 
several workers believe that interface effects are the origin o f the emission. It is 
possible that similar evidence for interface effects will be forthcoming in PSi research, 
particularly when it is borne in mind that the processing conditions and very large 
surface area o f PSi can lead to the formation o f a thin layer o f Si02 [22].
From the point o f view o f integrated optics, the visible emission from Si nanocrystals 
makes for incompatibility with silicon waveguides. Moreover, clusters in an insulating 
Si02 matrix would be very difficult to excite electrically.
2.3.3 Si-based quantum well intersubband lasers
A  very recent field o f research is intersubband lasers (ISBLs) based on quantum wells 
o f compressive Sil xGex (where x is the fractional composition o f Ge) with unstrained 
Si as the barrier material. These devices are similar in principle to the III-V  quantum
13
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cascade ISBL demonstrated at AT& T [30]. The proposed structure for the silicon 
quantum cascade laser is shown in Fig. 2.5. As it stands, the accessible wavelength
Fig. 2.5. Si-based quantum cascade laser. From [31].
range for this device is 5-15 [tm, far from the wavelengths o f 1.3 and 1.5 jam, currently 
in vogue, although the introduction o f low dispersion fibers in this wavelength region 
may change this. Another inherent drawback o f this approach is the need for ultrathin 
(~ lnm) barriers to promote coupling between wells. It is suggested that use o f a 
barrier material with a high bandgap could move the emission wavelength to the useful 
region. Two possible choices are cubic ZnS [32] and Si02/Si strained-layer superlattice 
barriers [33], the former o f which is difficult to grow on Si and the latter involves
14
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complicated fabrication, necessitating moving to and fro between a low temperature 
oxidation chamber and an MBE growth chamber.
2.4 Iron disilicide
Optical emission at 1.5 |im has been observed from buried P-FeSi^ layers [34,35,36]. 
Only isolated precipitates show this luminescence, whereas a continuous layer displays 
no such emission. A  recipe for synthesising luminescent material is provided by Hunt 
e t  a l. [37]. There is still considerable controversy about the nature o f the band gap in 
p-FeS/, namely whether the luminescence seen comes from the p-FeS^ itself, or from 
defects in the Si, and if the former proves to be true what is the excitation mechanism. 
Experiments looking primarily at the nature o f the absorption edge have been variously 
interpreted as indicating either an indirect [38,39] or a direct minimum energy gap 
[40]. Recent evidence strongly suggests that, in ion beam synthesised p-FeSL,, the 
minimum band gap is direct in nature [41,42]. A  light emitting diode (LED) has 
recently been fabricated in this material [43]. However, P-FeS^ photo- and 
electroluminescence is strongly reduced as the temperature is increased above 80 IC.
There is evidence to suggest that iron silicide has a promising future in Si optics 
applications, although it is too early to say whether the luminescence can be made 
more efficient.
15
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2.5 Isoelectronic Impurities
Luminescence observed from certain impurity-related centres in silicon which are 
electrically neutral (isoelectronic) has been shown to arise from excitons bound to 
those impurities. Mitchard e t  a l  [44] first identified isoelectronic bound exciton (IBE) 
emission from crystalline silicon, and IBE emission has since been observed for Si:Be, 
Si:Cu, Si:In, Si:Li, Si:S, Si:Hg, Si:Tl and Si:H [45,46,47,48,49,50,51,52,53]. In 
addition electroluminescence has been reported for Si:In [46]. The emission 
wavelength depends on the isoelectronic centre involved and ranges from 1 jam to 
about 1.5 pm. The photoemission is only observed well below room temperature, 
presumably because the bound exciton complex dissociates at higher temperature. 
External quantum efficiencies as high as 5% have been measured [54]. Taking the 
number o f papers in the literature as a marker, the hope that existed that these 
complexes could be engineered to provide room temperature luminescence, has now 
diminished somewhat.
2.6 Erbium Impurity Doping
The fact that erbium luminesces has been known for many years and work to 
understand the origin o f the emission dates from the discussion o f atomic spectra in 
the first half o f this century [55]. The renaissance o f erbium has come in the last 15 
years with the application to fibre amplifiers and lasers with uses in communications 
[56], medicine [57] and research into solitons [58] and ultra-short pulses [59].
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Achieving luminescence from silicon by erbium doping was proposed and fust carried 
out by Ennen e t  a l. [60].
There are four principal reasons why this system is believed to be suited to the 
purpose. First and foremost, silicon is relatively transparent at the Er emission 
wavelength o f 1.54 pm so that self absorption loss will be low. Secondly, the 
wavelength o f emission coincides with the low attenuation window o f silica fibres used 
in telecommunications (although erbium-doped silicon is not limited to just 
communications applications). Thirdly, luminescence at room temperature is possible. 
And finally, electrical as well as optical excitation o f the 1.54 pm luminescence has 
been achieved. In the next chapter, the limitations o f this material will be discussed, as 
well as how recent advances in materials processing have led to some o f these 
limitations being overcome.
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Chapter 3 Properties of Erbium in Silicon
3 PROPERTIES OF ERBIUM IN SILICON
Achieving 1.54 pm luminescence from silicon by erbium doping was proposed and first 
carried out by Ennen e t  a l  [1], Float-zone (FZ) silicon was implanted with 350 keV 
erbium ions and then annealed at 750°C. Excitation at 20 K with 515 or 458 nm laser 
light gave the spectrum o f erbium with a sharp peak at 1.54 pm (Fig. 3.1) which is 
characteristic o f the material. From these results it was seen that the luminescence is
7 8 0
E N E R G Y  (meV) 
790 800 010
1 .59 1 . 5 7  1 . 5 5
W A V E L E N G T H  ( j am)
1.53
Fig. 3.1. 20 K  luminescence spectrum o f Er-implanted and annealed Si (from [1]).
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intrinsically weak. Since the external quantum efficiency o f GaAs implanted with Er 
under similar conditions was measured as 8 x IQ5, a comparable external quantum 
efficiency was assumed for Er-implanted Si. In comparison, the quantum efficiency o f 
a typical III/V material is 5-15% [2].
3.1 Excitation and deexcitation mechanisms
In its electrically neutral state erbium does not luminesce. In the 3+ charge state erbium 
ions exhibit luminescent intra-4f transitions [3] which are shielded from the 
surrounding medium by filled 5 s and 5 p outer electron shells. The transition is 
forbidden in that it is not allowed by the parity selection rule, but is allowed if one 
considers distortion o f the spin-orbit energy levels by crystalline fields [4] (i.e. Stark 
splitting). The crystal field o f the host material intermixes states o f opposite parities, 
and splits each single state o f the Er3+ ion into a manifold o f substates with slightly 
different energies, the exact nature o f the splitting being determined by the symmetry 
o f the crystal field (Fig. 3.2). The luminescence at 1.54 pm emitted by erbium is due to 
the relaxation o f an electron from the lowest energy state o f the 4I13/2 manifold to the 
lowest energy state o f the 4I 15/2 manifold. The upper energy level is metastable, so that 
the probability o f the intra-4f transition is small, which in turn results in a relatively 
long intrinsic spontaneous emission lifetime o f approximately 1 ms at 80 IC [5]. Similar 
lifetimes are observed in other semiconductor hosts [6]. These lifetimes are comparable 
to the 4-5 ms decay time measured for Er3+ ions in insulating crystals [7] and glasses 
[8], indicating that the decay process is mostly radiative at low temperatures [9]. The 
5s and 5p shells screen the 4 f levels and one would predict that the luminescence
24
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Er3+ Br 3+ + crystal field
Fig. 3.2. Schematic energy level diagram o f a free Er3+ ion (left) and Er3+ in a crystal field (right) 
(from [4]).
wavelength would be quite independent o f the host material and temperature and this 
has been confirmed experimentally [4]. However, the luminescence intensity decreases 
with temperature in a way which is very material dependent (see Fig. 3.3). The 
emission intensity can decrease by as much as two orders o f magnitude as the 
temperature increases from 4 to 300 K. This temperature dependence has been 
observed to weaken as the band gap o f the host increases [10].
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tem pera tu re . K
Fig. 3.3. Er3+ emission intensity against host semiconductor temperature. Materials are implanted 
with Er ions: E =  330 keV, dose =  1013 Er+ cm'2. Band gap (EG) values are given at room temperature 
(from [10]). (a) Ga03iIn062As014P012 (E G =  0.807 eV ), (b ) Si (E0 =1 .12  eV ), (c ) InP (EG =  1.27 eV ), (d ) 
GaAs (E0 =  1.43 eV ), (e ) A l017Ga083As (E G = 1.67 eV ), (f )  ZnTe (EG = 2.26 eV ), (g ) CdS (E0 = 
2.42 eV ) and (h) a-S:H (E0 =  1.8 eV ).
3.1.1 Optical excitation
Prior to a detailed description o f the optical excitation o f luminescent transitions o f 
erbium in silicon, it is helpful to consider the case o f Er in silica fibres. Using 
photoluminescence excitation (PLE) spectroscopy, in which the wavelength o f 
excitation is scanned while monitoring the luminescence emitted at a fixed wavelength,
26
Chapter 3 Properties of Erbium in Silicon
it has been shown that pumping from the ground state to the upper luminescing level, 
or to a higher energy level, takes place via absorption o f a photon o f a suitable 
wavelength (pump bands centred on 980nm and 1480nm are suitable [11]). Although 
some direct optical pumping o f Er(4f) transitions in Er-implanted Si has not been 
completely ruled out [12], on the basis o f two simple observations it is believed that 
excitation takes place via a mechanism involving production o f free carriers in the 
silicon. Firstly, the energy o f the laser used for excitation must be greater than the Si 
band gap energy (1.05eV) for there to be any 1.54 |im emission [13]. Secondly, 
photoluminescence is observed even when the erbium is deeper than the absorption 
depth o f the exciting radiation [14], which is several hundred nanometres for photon 
energies above the silicon band gap energy. Hence, the transition between the 
crystal-field-split spin-orbit levels 4I15/2“4Ii3/2 can excited at any wavelength below the 
silicon band gap wavelength. Since no direct coupling to the Er3+ (4 fn) first excited 
state (4I13/2) is possible because it is shielded by the electron shells further out, it has 
been speculated that an Auger mechanism is involved, photogenerated electron-hole 
pairs recombining in the bulk [15,16] or as the recombination o f an exciton bound to 
the rare-earth ion [17]. Theoretical contributions by Delerue and Lannoo [18]; 
Needels, Schluter and Lannoo [19]; Schmitt-Rink, Varma and Levi [16]; Yassievich 
[20]; and Yassievich and Kimerling [21] have supported these ideas.
Further clarification on the excitation mechanism o f Si:Er has come from experimental 
studies which suggest that Er3+ excitation occurs via recombination o f an exciton 
bound to an Er-related trap site [13,22,23]. A  schematic o f the proposed excitation 
mechanism is shown in Fig. 3.4 [24]. The rates o f these processes depend on the
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e-h generation
exciton 
formation 
, e-li
k  recombination 
at other 
centres
exciton-electron
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erbium excitation
1.54nm  radiative 
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nonradiative 
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hole
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level
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transition
Fig. 3.4. (a) Excitation and deexcitation processes o f Er in Si. (b) Schematic o f the excitation 
mechanism for Er3+ in Si. T  and D indicate trapping and detrapping o f electrical carriers at Er-related 
localised defect states. E indicates energy transfer to the Er3+ ions; B is back-transfer to the defect 
state. The Si conduction and valence band edges are indicated by C and V. From [24].
energy mismatch between the different states, and therefore on the phonon density o f 
states and temperature o f the host material. In general, carrier trapping and energy 
transfer to Er are not or are only weakly temperature dependent, as they occur 
through the emission o f phonons. In contrast, detrapping and back-transfer involve 
absorption o f phonons, and so are temperature dependent.
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I f  the luminescence quenching with temperature is replotted in the Arrhenius format 
(PL intensity, I vs reciprocal temperature, 1/T), an activation energy, EA, can be 
obtained by fitting
/ -  C e x ; p ( - f ) (3.1)
to the experimental data. For O-codoped Er:Si, Coffa e t  a l. [25] observed two distinct 
regions o f temperature quenching with activation energies o f -20 and -150 meV. The 
process represented by the greater activation energy did not start to dominate until the 
temperature exceeded approximately 170 K. For CZ-Si implanted with lxlO l8cm'3Er, 
the activation energies measured were 6 meV and 170 meV [26]. Taskin e t  a l. [27] 
observed quenching for multiple Er (6x l019cm'3) and O (lx lO 19 cm'3) implants, with an 
activation energy o f 150 meV, for temperatures above 100K. Below this temperature 
the activation energy was only 1 meV. Palm e t  a l. [24] measured activation energies o f 
10 meV and 160 meV for pumping powers o f 60 mW and 1.5 W. Deep Level 
Transient Spectroscopy (DLTS) studies o f Er:Si [22,28,29,30,31] show that 
coimplantation o f O assists the formation o f a level at -150 meV. It is tempting to 
associate this level with the activation energy observed in the temperature quenching 
studies and it is presumed to be due to an Er-related defect level approximately 
150 meV below the bottom o f the Si conduction band. Other experiments have 
confirmed the existence o f an Er-related level approximately 150 meV below the 
conduction band o f Si [13,17]. Using Hall measurements, Palmetshofer e t  a l. [32] 
inferred an energy level at 60-100 meV below the conduction band.
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The photo generated carriers are first trapped at these Er-related defects and the 
excitation o f Er3+ occurs via an Auger-type process when the trapped carriers 
recombine [33]. Experiment [34] suggests that this Er-related level is a donor, and it 
becomes neutral by capturing an electron. As a result o f the strain produced by the 
defect, this level can bind a hole. Recombination o f the electron-hole (e-h) complex 
(pathway T  in Fig. 3.4) then takes place followed by energy transfer to the Er ion 
(pathway E in Fig. 3.4).
Further confirmation o f the existence o f an Er-related level has come from the 
observation [33] that, after a short pumping pulse, the excitation o f Er ions continues 
for times as long as 50 ps at 4 K. The excess carriers generated by the pumping laser 
are expected to have a lifetime much shorter than 50 ps.
3.1.2 Mechanisms o f temperature quenching
In this model, the temperature quenching o f the luminescence, observed in a range o f 
hosts (Fig. 3.3), can be attributed to three possible different causes. The experimental 
background for and against the existence o f each temperature quenching mechanism 
will be considered.
1. The total number o f optically active, excitable Er centres decreases, for example, by 
a temperature-controlled structural transition to a nonluminescent configuration. A  
consequence o f the number o f optically active centres decreasing would be that the 
saturation intensity o f Er luminescence (assuming the excitation power is increased
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sufficiently to saturate the Er luminescence) would be lower for increasing 
temperature. This has not been observed. For hydrogenated amorphous silicon doped 
with Er and O, at 10 K  the saturation luminescence intensity was nearly identical for 
samples with high O and low O concentrations [35]. This implies that the density o f 
optically active Er ions is the same. Furthermore, Palm e t  a l  [24] observed that the PL 
saturated at approximately the same intensity at high pump powers. This intensity was 
independent o f measurement temperature.
2. The pumping (excitation) efficiency decreases by processes occurring between the 
electron-hole pair generation and the Er excitation. These are the processes in regimes 
I-III o f Fig. 3.4(a), such as competing recombination mechanisms or the decrease o f 
the excitation efficiency by thermalisation o f carriers from an Er-related state in the 
band gap (pathway D in Fig. 3.4(b)). Processes which effect the excitation efficiency 
will not have any effect on the lifetime o f the luminescence, since in a serial sequence 
o f events (I->II->III->IV in Fig. 3.4(a)), the slowest process dominates. Therefore a 
signature o f this type o f process occurring is a lifetime quenching which does not 
correlate with the luminescence intensity quenching.
3. The radiative (luminescence) efficiency decreases by a nonradiative energy 
back-transfer from the excited Er 4 f shell (regime IV  and pathway B in Fig. 3.4(a) and 
(b), respectively). Possible energy back-transfer mechanisms are multiphonon emission 
processes [36] or impurity Auger processes involving the energy transfer between the 
4f electrons and free or bound carriers [24]. I f  the luminescence quenching is 
dominated by parallel processes such as back-transfer which affect the luminescence
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efficiency and since, for parallel processes, the fastest mechanism dominates [24], there 
will be a correlation between the luminescence quenching and the lifetime quenching 
with temperature.
Xie e t  a l. [4] showed that, for a model in which the Er luminescence is represented 
only by the transition from the upper to the lower 4f level, the output power, P, o f an 
active volume, V, o f material, is
where N ErV  is the total number o f excited Er atoms, h is Planck’s constant, X  is the 
wavelength o f the emitted photon and t  is the lifetime o f the luminescence. Equation
3.2 predicts that a decrease in luminescence intensity, such as that observed with 
increasing temperature, should have a concomitant increase o f lifetime. The lifetime 
that is measured in an experiment is not the spontaneous lifetime, however, because no 
account has been taken for any nonradiative processes. I f  nonradiative processes are 
included in the model the measured lifetime i  is less than the spontaneous lifetime Tsp.
^ =  ^ + 4 ;  (3-3)
where X nr is a lifetime associated with the nonradiative processes. Also, if the 
nonradiative processes are much faster than the spontaneous luminescence process,
then the measured lifetime will be approximately the nonradiative lifetime.
P = (NEr/x)(hc/X)V (3.2)
For x nr{(xsp, x ~ Xnr (3.4)
32
Chapter 3 Properties of Erbium in Silicon
Coffa e t  a l  [17] measured the lifetime o f Er-doped Si with O codoping and found PL 
decay curves which were characterised by an initial fast decay (t - 1 0 0  ps) followed by 
a slow decay (t~900 ps). They interpreted this as suggesting that two different classes 
o f Er3+ ions, having different nonradiative decay routes, are present in both samples. 
Increasing the temperature between 77 and 200 K, the strong decrease in intensity 
(two orders o f magnitude) for the component associated with the slow decay could not 
be explained by the change in the lifetime (by a factor o f 3). The lifetime o f the fast 
decaying component decayed at approximately the same rate as the intensity, 
suggesting that some relation might exist between the temperature dependence o f the 
intensity and the lifetime for this component. Coffa e t  a l  [17] concluded that the 
strong decrease in the PL intensity for the slow component cannot be caused by a 
reduction in lifetime. Hence, a decrease in radiative efficiency is not responsible. They 
speculate that the slow-decaying site is a very shallow donor, and soon ionizes when 
the temperature is increased, reducing the Er3+ excitation efficiency. Hence this is 
evidence o f mechanism 2, described above.
Priolo e t  a l  [22] investigated the temperature dependence o f the Er 4f-shell 
luminescence intensity by assuming that the emission o f an electron from the Er-related 
level to the conduction band is responsible for the thermal quenching. The energy 
back-transfer process was neglected, and it was assumed that the Er-related level is 
always occupied by an electron. A  good fit to their experimental data was obtained, 
however their model fails to take any account o f the experimentally observed lifetime 
quenching.
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De Dood e t  a l  [37] investigated the temperature dependence o f the Er 4f-shell 
luminescence for Si:Er,N based on the analysis by Priolo e t  a l  [22] They reported 
different activation energies for the luminescence decay time and the intensity: 
135 meV for the former and 210 meV for the latter. Again, this points to mechanism 2 
above.
Over the range 4-160 K, Palm e t  a l  [24] observed a decrease o f the lifetime from 1 ms 
to 50 |is with a concurrent loss o f emission intensity (for a sample containing Er: 
5 x 10 17 cm'3; O: 3 x 1018 cm'3). This correlation argues for a fast, competing 
nonradiative process o f energy back-transfer from the excited Er centre to the crystal 
host (mechanism 3). For other rare earths in semiconductors, it has been proposed that 
quenching is due to a back-transfer process o f the energy (e.g. Yb in InP [36,38]).
Kile e t  a l  [39] observed a single exponential decay at low temperatures in Si which had 
been implanted with lx lO 15 N  cm'2 and lx lO 14 Er cm'2. After annealing, the peak Er 
concentration was measured as 5xl018cm'3. For higher temperatures the decay became 
strongly nonexponential. A  strong decrease in lifetime (measured as the time taken for 
the intensity to reach 1/e o f its peak value) was observed above 85 K, correlating well 
with the luminescence quenching (mechanism 3). The slight intensity decrease going 
from 12 to 85 K  was not accompanied by a decrease in lifetime, indicating that this 
intensity quenching could be caused by a change in excitation efficiency (mechanism 
2). This might be due to the detrapping o f holes weakly bound to a filled trap.
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Taguchi and Takahei [40] applied a model, developed for Yb in InP [38,41,42,43], to 
the data o f De Dood e t  a l. [37]. By considering the temperature quenching o f the 
lifetime as being due to a multiphonon process, close fits were obtained (mechanism
3).
From the above discussion o f the literature on temperature quenching, it can be 
concluded that, in the Er:Si system, it is likely that the dominant quenching mechanism 
is back transfer o f energy from the excited Er ion [24,39,40]. However, under certain 
conditions, still to be properly characterised, the deexcitation o f carriers from the 
exciton bound at an Er-related level, approximately 150 meV below the bottom o f the 
Si conduction band, can be important [17,22,37]. Since the number o f papers 
published on this subject is relatively small it is, perhaps, wise to say that more work 
needs to be done before a definitive conclusion can be drawn.
Finally, the trend that the temperature quenching is reduced as the band gap o f the host 
material is increased (Fig. 3.3) may now be explained. Increasing the band gap results 
in a larger energy mismatch between the states and so less back-transfer and/or 
deexcitation can take place. For large band gap materials, back-transfer and 
deexcitation become improbable, as a large number o f phonons would be necessary to 
bridge the energy mismatch between the band-gap, Er-related defect state and the Er3+ 
internal transition. As a consequence less quenching is observed.
35
Chapter 3 Properties of Erbium in Silicon
3.1.3 Electrical excitation
Since photoluminescence in Er:Si involves free carriers, it is also possible to inject 
carriers across a pn junction and thus obtain luminescence. Ennen e t  a l . [44] observed 
electroluminescence (EL) in Er-implanted Si at 77 K. Si:Er epitaxial layers were 
grown on a (100) oriented n-type Si wafer by molecular beam epitaxy (MBE) 
combined with in  s itu  erbium implantation ([Er] = 5.6 x 10?8 cm3). Since the electrical 
activity o f Er ions in Si was unknown, various doses o f boron were implanted into the 
Er-doped epitaxial layer to give a defined diode structure. The photoluminescence 
spectrum o f the Er-doped epitaxial layer showed more detailed fine structure than the 
Er-implanted bulk Si described in [1], which is probably a result o f different Er3+ 
centres. The external quantum efficiency o f the Si:Er epitaxial layers was determined 
to be 1% and that o f the Si:Er LED ’s was about 5 x 10'2%.
3.2 Structure o f the Er-Si system
After it had been shown that low temperature luminescence could be obtained and that 
free carriers were involved in optical excitation, the emphasis switched to elucidating 
the structure o f the Er-Si with a view to improving the luminescence. The properties o f 
Er-Si which have a deleterious effect on the emission and how the material may be 
engineered so as to increase the luminescence will now be discussed.
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3.2.1 Local environment
All other things being equal, the 1.54 jam intra-4f luminescence from Czochralski (CZ) 
grown silicon is stronger than that from float zone silicon [45]. Er-implanted chemical 
vapour deposition (CVD)-grown silicon, which is virtually oxygen free (background 
[O] ~ 1015 cm"3), implanted with oxygen at concentrations comparable to the oxygen 
concentration o f CZ-Si (1018 cm'3) and annealed at 850 °C with a rapid thermal 
annealing (RTA ) technique, showed 1.54 jam luminescence which was one order o f 
magnitude greater than the samples without the oxygen implant, but approximately 
60% less compared to Er-implanted CZ-silicon [29]. Correlation between the Er and O 
implant Secondary Ion Mass Spectrometry (SIMS) profiles suggested the formation o f 
Er-O complexes and that the oxygen was redistributed during annealing. Further 
evidence o f Er-O complexes is suggested by Extended X-rAy Fine Structure (EXAFS) 
measurements o f Er-implanted CZ and FZ Si [34,46] which show that the Er3+ ions in 
CZ-silicon are surrounded by six oxygen atoms in the first coordination shell, whereas 
in FZ silicon, which is virtually non-active optically, the first coordination shell 
contains twelve silicon atoms (Fig. 3.5).
The symmetry o f the crystal field around the Er-luminescence related site may be 
determined from the number o f lines in the luminescence spectrum [47,48]. A  
tetrahedral field yields five lines (three quadruplet states and two doublet states), 
whereas fields o f lower than cubic symmetry give rise to splitting into eight lines. Both 
types o f site are possible in the same material.
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o p t ic a l ly  in a c t i v e  o p t i c a l l y  a c t iv e
Fig. 3.5. Schematic picture o f first coordination shell surrounding Er species in FZ-Si (left) and CZ-Si 
(right). The actual spatial orientation o f the Si and O atoms may not be as depicted (from [34]).
With respect to the site erbium occupies in the silicon crystal lattice, the similarity 
between random and channelled Rutherford backscattering spectra indicate that the 
majority o f the Er is in interstitial locations [13,49], although one research group has 
reported substitutional [50,51] locations under certain conditions. Tang and Sealy 
[50] studied the lattice location using Rutherford backscattering angular scanning 
measurements o f Er-implanted silicon for different annealing conditions. In the case o f 
conventional furnace annealing, the Er was mostly on substitutional lattice sites. For 
RTA, Er was predominantly on interstitial lattice sites for anneals below about 750°C 
and substitutional lattice sites above this temperature. A  mixture o f both types o f site 
were observed for annealing around 750°C. Since no other observations o f
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substitutional positions for Er in Si have been reported, the repeatability o f these 
results should be called into doubt. Finally, using a b  in i t i o  quantum mechanical 
calculations, Needels e t  a l. [19] found that, o f the configurations studied, Er3+ at a 
tetrahedral interstitial site was the lowest energy configuration, although annealing 
temperature was not considered in then model.
3.2.2 Concentration limitations
Eaglesham e t  a l  [52] have studied the solubility, segregation and precipitation 
behaviour o f Er-implanted Si over a range o f doses. Transmission electron microscopy 
showed that, for Er concentrations above about lx lO 18 cm'3, Er precipitates in the form 
o f platelets (probably ErSi2) a few atoms thick, which lie on the Si [ I ' l l ]  plane. By 
extrapolating from a plot o f precipitate density against peak implanted erbium 
concentration, an Er solubility o f (1.30 ±  0.4)x 1018 cm'3 for a 900°C, 30 min. anneal 
was deduced. A  similar value was observed by Efeoglu e t  a l. [53,54] for Er-doped 
MBE silicon. Ren e t  a l. [15] suggest a lower solid solubility based on measurements o f 
the constant Er concentration in the tail o f the implanted distribution. For a 
3 x 1018 cm'3 (peak), 5.25 MeV implant, followed by a 1300 °C, 1 hour anneal, the 
solubility was estimated to be as low as 1016 cm'3. On annealing o f this material the 
implanted profile contracted, which was taken as evidence for precipitation at the peak 
o f the distribution.
There is therefore strong evidence that erbium is not very soluble in silicon. A  
concentration o f 1 x 1018cm'3is equivalent to an erbium content o f only 2 x 10 3 at. % .
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The formation o f ErSi2 precipitates degrades the 4f-luminescence, but the 4f PL 
intensity saturates at Er3+ concentrations o f approximately 5 x 1017 cm'3, before the 
apparent solubility limit is reached [52]. Layers in which the Si is fully amorphised and 
subsequently regrown by solid phase epitaxy (SPE) during an anneal show increased 
Er incorporation in the crystalline Si [55].
Implantation o f erbium followed by a two stage annealing process [56] impedes the 
formation o f precipitates and allows Er concentrations o f up to 1 x 102° cm'3 to be 
achieved. The first anneal, carried out at 600°C, serves to recrystallise the amorphous 
material by SPE, the second, at 900°C, activates the erbium, by which is meant the 
erbium takes up its correct place in the lattice and forms the optically active complex. 
The high temperature anneal is associated with an increase in the luminescence lifetime 
suggesting that the luminescence efficiency is increasing during annealing [57]. The Er 
PL intensity can be increased fivefold by annealing at 1000° C [57]. The process is 
epitaxial since a moving segregation front sweeps through the silicon picking up the 
erbium as it goes.
As an alternative to the above, high doses o f erbium can be implanted into fully 
amorphised Si which is then recrystallised, thus talcing advantage o f the effective 
solubility o f Er in amorphous Si (a-Si) being much greater (1020 cm"3) than in 
crystalline Si [58]. Polman et al. [55,59] used amorphising erbium doses (9x l014 cm'2, 
250 keV), or 5.4xl015 Er cm'2 at 250 keV implanted into silicon previously amorphised 
with 3x1015 cm'2 Si at 350 keV. In both cases, SPE at 600 °C or ion beam induced 
epitaxial crystallisation (IBIEC) at 250 °C reduced the amorphisation damage.
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Segregation o f Er was observed during SPE, with Er concentrations up to 1020 cm"3 
remaining trapped in the crystal after regrowth. Under IBIEC, the original Er profile 
was completely trapped in the crystal. With SPE, samples exhibited a sharp 
luminescence peak at 1.54 jam, whereas IBIEC gave a much broader spectrum, 0.1 |Lim 
wide and which peaks at 1.52 (tm. The intensity in both cases was about the same. The 
difference in peak width is probably due to lower crystal quality for the IBIEC 
regrowth. Room temperature 1.54 jam PL was attained with both o f these techniques.
3.2.3 The role o f codopants in enhancing Er luminescence.
The fraction o f Er3+ showing 4f luminescence seems to depend on the quantity o f 
oxygen which is available. Furthermore, the correlation o f the spatial profiles o f the 
implanted Er and O [29] suggests strongly that optical activation o f erbium in silicon is 
related to the presence o f oxygen. This can be native oxygen which is present in the 
silicon wafer in concentrations up to 1018 cm'3, depending on the refining process, or 
deliberately added oxygen. Other species, such as fluorine or nitrogen, also promote 
luminescence [26]. There is evidence for an optimum value o f the ratio o f erbium to 
codopant which gives the most intense photoluminescence: for example, if the 
codopant is oxygen the most efficient PL is observed when there is a 10:1 ratio o f 
oxygen ions to erbium ions [24]. Several studies have confirmed the PL-enhancing 
properties o f oxygen in Er-doped silicon [10,26,45,60,61,62].
Deep Level Transient Spectroscopy (DLTS) studies o f Er:Si [22,28,29,30,31] show 
that coimplantation o f O assists the formation o f a level at -150 meV. This level is
41
Chapter 3 Properties of Erbium in Silicon
associated with the activation energy observed in the quenching studies and is 
presumed to be due to an Er-related defect level approximately 150 meV below the 
bottom o f the Si conduction band.
The addition o f oxygen reduces the temperature quenching observed. Quenching by 
only a factor o f 30 between 77 K  and 300 K  was observed by Priolo e t  a l  [29] 
compared to a factor o f 300 for Er-doped Si with no additional oxygen.
Codopants other than oxygen have also been studied. Michel e t  a l  [26] observed a 
significant increase in the intensity o f the 1.54 pm Er3+ emission for different 
coimplants in CZ- and FZ-silicon. The dose for these implants was adjusted to a peak 
concentration o f lx lO 18 cm'3 to coincide with the value o f the peak Er implanted 
concentration. After annealing, the presence o f C, N  and F enhanced the Er 
luminescence at 80 K  by a factor o f about four compared to the CZ-Si sample which 
had only received an erbium implant. Species dependent differences in the erbium PL 
spectra were also observed indicating that the crystal-field splitting o f the 4fn states is 
influenced by codopants. Michel e t  a l  [26] speculate that the electronegative nature o f 
the PL-enhancing coimplants promotes the oxidation o f the Er2+ state to the optically 
active Er3+ state, but this has not been confirmed. I f  this were the case, it is interesting 
that elements like boron and carbon behave similarly [63]. Anderson [63] suggests that 
the role o f codopants is to shield the Er ion from the rest o f the lattice so as to reduce 
the availability o f the nonradiative paths o f relaxation for the f  shell. An alternative 
explanation for the effects o f light element codopants has been put forward, in which it
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is not erbium-coimplant complexes which luminesce, but Er forming complexes with 
implantation-induced lattice defects [64].
Fluorine as a codopant was studied by Ren et al. [65] for 1 MeV, 1 x 1013 cm"2 Er 
implants and 150 lceV F implants for doses of 1 x 1013 to 1 x 1015 cm"2 into FZ-Si 
substrates. For annealing at 900 °C, the greatest luminescence was observed for a F 
dose of 1 x 1014 cm"2. Higher doses (around 1 x 1015 cm"2) were believed to cause 
residual implant damage, which could not be removed by annealing, leading to a broad 
(400 A) background feature in the luminescence spectrum with a peak wavelength 
increasing horn 1.52 jam at 4.2 K to 1.56 jam at 225 K.
DLTS measurements of Er-doped Si with F impurity have shown the existence of a 
trap level with energy 150 meV [22], which is very similar to observations made in 
Er:Si with O as the codopant [22,28,30,31].
F and C also have a beneficial effect in reducing luminescence temperature quenching. 
F implants at a constant impurity concentration of 1 x 1018 cm"3 with 1015 cm"2 Er 
showed quenching by a factor of 150 over the range 77-300 K compared to a factor of 
300 for Er-doped Si with no additional codopant [29].
The annealing process developed by Polman et al. [55], consisting of a 600 °C anneal 
to achieve solid phase epitaxial regrowth and a 900 °C anneal to activate the erbium, 
was applied by Liu et al. [66] to Er-implanted Si with F as a codopant. Using this 
method, no residual implantation damage was observed for a 2 MeV, 1 x 1015 cm"2 Er
43
Chapter 3 Properties of Erbium in Silicon
implant followed by a 300 keV, 1 x 1016 cm 2 F implant. This contradicts the 
observation of damage-related PL by Ren et al. [65], whose annealing process only 
consisted of a single treatment at 900 °C.
With the incorporation of O as a codopant, the maximum concentration of Er that has 
been optically activated in Cz-Si is 3 x 1017 cm3 [13] which, in this case, was 
approximately 1% of the implanted concentration. This presents the most severe 
technological limitation to the achievement of strong room-temperature light emission.
3.2.4 Electrical behaviour
In the model described previously, the existence of Er-related donor states just below 
the silicon conduction band edge is the gateway to the excitation of the Er. Thus 
measurement of the electrical activity of Er in Si (where this is defined as the behaviour 
of the implant as a donor or acceptor) is important for the validation of this model. The 
majority of work which has been done supports the idea that Er behaves as a donor in 
Si [13]. In contradistinction, Tang and Sealy [50] reported behaviour as an acceptor 
for Er-implanted Si after conventional furnace annealing. For RTA, the activation was 
donor type for anneals below about 750°C and acceptor type above this temperature. 
No other groups have reported acceptor behaviour for Er in Si, which casts some 
doubt on the repeatability of the work described above.
Evidence of oxygen (and carbon) codopants playing a role in erbium electrical 
activation came from the measurement of less donor states in FZ-Si (1016O cm 3) than
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in CZ-Si (1018 O cm'3). Priolo et a l  [29] also report oxygen-related erbium donor 
states in silicon, and concluded that Er activation would be increased by adding more 
oxygen. They found a peak donor concentration of 2x l019 cm'3 for an Er dose of 
6 x 1015 cm"2 and an oxygen concentration of 2.5 x 1021 cm'3, whereas without extra 
oxygen, the electrical activation was several orders of magnitude less. The electrical 
activation obtained using carbon coimplants was an order of magnitude less than for 
Si, although carbon coimplants were found to be also advantageous to obtaining a 
good quality crystal after annealing. (All the implants were carried out at 300 °C to 
avoid amorphisation).
Measurements [13] of the density of excited Er atoms in Er-doped Si with O codoping 
have shown values approximately three orders of magnitude lower than the implanted 
concentration, but equal to the density of the electrically active Er as measured by the 
spreading resistance technique. This observation suggests that only electrically active 
Er is excitable.
3.3 Doping techniques
This section provides a brief review of doping techniques which have been employed 
for Si:Er. The discussion will be grouped as follows: Ion implantation; molecular beam 
epitaxy; and laser doping.
45
J
Chapter 3 Properties of Erbium in Silicon
3.3.1 Ion implantation
Ion implantation has been and continues to be the most important method for the Er 
doping of silicon. The advantages are being able to control the depth and concentration 
of the erbium layer by varying the energy and dose respectively, together with the 
possibility of codoping in the same region. The dose depends on the ion beam current 
and the implantation time. One of the problems with ion beam implantation into silicon 
is that it causes a build up of damage to the crystal and high doses (> 1015 cm'2) lead 
to complete amorphisation of a thin surface layer, the exact dose depending on the 
species implanted and energy. In the case of erbium, luminescence quenching in 
damaged material is severe because erbium ions in the excited state have a high 
probability of decaying non-radiatively. Post-implantation annealing is required and 
has the double effect of repairing the implantation damage and optically activating the 
erbium. Typically 900° C for 30 min. in some inert atmosphere is sufficient. Regrowth 
of fully amorphised silicon requires an additional lower temperature (600°C) anneal 
[55].
The ion beam can cause local heating of the sample which may induce structural 
changes, particularly for high beam currents. Moreover, the massiveness of Er (the 
most abundant isotope has an atomic mass of 166) means that penetration of no more 
than a few microns can be achieved with implant energies in the MeV range. On a 
general purpose machine, implantation of whole wafers at doses above 1014 cm'2 is time 
consuming (e.g. at a beam current of 0.05 jllA, implantation of a 4" wafer with
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1014 EC era'2 would require almost 7 hours). For commercial production, dedicated 
implanters would increase the throughput.
3.3.2 Molecular beam epitaxy
Molecular beam epitaxy can be used to grow silicon on a substrate and, with the 
addition of concurrent erbium implantation, a thick erbium-doped layer can be grown. 
Efeoglu et al. [53,54] incorporated erbium from a solid source into MBE Si grown at 
substrate temperatures of 500 °C and 700 °C. Erbium concentrations between 1018 and 
1022 cm'3 were obtained, the maximum photoluminescence intensity being from samples 
with an Er concentration of 2 x 1018 cm'3 (just above the solid solubility limit). 
MBE-grown silicon has a low oxygen concentration (1016 cm3) compared to CZ-Si 
and extra oxygen needs to be introduced to produce the optically active erbium 
complex.
The MBE process is limited by the rate at which the silicon can be epitaxially grown. If 
erbium-doped silicon devices were to go into mass production it may be an advantage 
to use MBE and chemical vapour deposition (CVD) since they facilitate building up a 
layered structure (such as SiGe lattices).
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3.3.3 Laser doping
Using pulsed laser dye irradiation on a Si sample vacuum-deposited with erbium to 
melt a thin surface layer can give high Er concentrations in a thin (approximately 
500 nm) surface layer. Laser fluences of above around 1.3 J cm2 are required. Since 
resolidification takes place on a sub-microsecond timescale the crystal regrowth 
process occurs under conditions that are far from thermodynamic equilibrium, allowing 
the solid solubility limit to be exceeded. Nakashima [67] fabricated Er layers 1-31 A 
thick using a pulsed laser. The melt duration was 100 ns and the maximum 
concentration of Er dopant was 2.5 x 1020 cm'2. However, only very weak PL was 
observed at 11 K.
3.4 Applications o f Er:Si
The suitability of erbium as a light emitting and gain providing centre in silica optical 
fibre is well established [13]. The performance of Si:Er light emitting diodes (LEDs), 
amplifiers and lasers was predicted by Xie et al. [4] using a simple model and empirical 
materials parameters available at the time (1991). Devices which have been fabricated 
will be described.
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3.4.1 Light Emitting Diodes
Unfortunately, for real devices few published values exist for the output power. Photo- 
and electroluminescence intensities are commonly measured in arbitrary units which 
makes comparison of results difficult.
The fust electroluminescence in Er:Si was reported by Ennen et al. [44]. Recent 
developments in Si:Er LEDs have included the report by Ren et al. [15] of a device 
operating at room temperature including oxide passivated mesa diodes in both surface 
and edge emitting geometries in which oxygen was used as a codopant ([Er] = 
lx l0 18cm'3, [O] = lxlO18 cm'3). Franzo et al. [68] arranged to have carrier injection 
across a pn junction which coincided with a region of erbium and oxygen doping ([Er] 
= lxlO i9cm'3, [O] = lxlO20 cm'3). Less quenching of the luminescence with increasing 
temperature was observed for reverse biasing than forward biasing. An estimated total 
collected power of 2 pW was reported at room temperature for reverse biasing. The 
reliability of the device was satisfactory over several days of operation [69]. The 
authors speculate that excitation occurs via an impact ionisation mechanism in this 
case. This implies that impact excitation is more efficient than Auger excitation. 
Yassievich [20] has shown that for certain conditions this is in agreement with theory. 
Measurements on the device reported in [15] showed that the quantum efficiency for 
electrical excitation was 4 times greater than that for optical excitation [70]. In 
comparison, Ennen et al. [44] reported values of external quantum efficiency of 1% for 
photoluminescence and 5x1 O'4 for electroluminescence. This illustrates the
49
Chapter 3 Properties of Erbium in Silicon
improvement in material quality which has taken place over the last ten years as a 
result of the increased understanding of the Si:Er system.
3.4.2 Lasers
No Si:Er laser has been demonstrated. However, the threshold population inversion for 
lasing of approximately 1 x 1019 optically active Er ions cm'3 calculated by Xie et al. [4] 
is about the maximum total erbium concentration in silicon which is currently available 
[59]. Unfortunately, since it is only possible at present to have a concentration of 
optically active Er of 3x l017 cm"3 [57], the prospect of an Er:Si laser remains doubtful.
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4 EXPERIMENTAL
4.1 Introduction
This chapter describes the experimental techniques which were used in the course of 
this work. The study of the luminescence properties of erbium in silicon and 
assessment of its potential as a material for novel optoelectronic applications 
consisted of the implantation of Er and F ions into silicon, followed by annealing. 
Optical transitions within the resulting material were probed with photoluminescence 
(PL). The structural properties were studied using Rutherford backscattering (RBS) 
and channelling. Modification of the photoluminescence apparatus enabled the 
luminescence lifetime to be measured using the technique of Photoluminescence 
Frequency Resolved Spectroscopy (PLFRS).
4.2 Starting material
All the material used in this work was p-type (100) crystalline silicon grown by the 
Czochralski (CZ) method. It is relatively easy to cleave a silicon wafer cut along this 
orientation and solid phase epitaxial regrowth for this orientation is faster than in any 
other direction [1]. Czochralski silicon contains oxygen as an impurity at nominal 
concentrations of the order of 1018cm‘3 [2]. Ion implantation was performed into the 
virgin material.
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4.3 Ion implantation
Ion implantation is a mature technology for introducing impurities into a substrate, 
with widespread use in the microelectronics industry [3]. Focusing on the introduction 
of impurities into silicon, the chief advantage of ion implantation over other methods 
is the precise control of the depth of the implanted layer and the concentration of the 
dopant. Following annealing-driven activation of the dopants, a material can be 
obtained which is largely defect and disorder free. This technique thus suits the 
requirements for producing Er-doped Si. This section describes some of the principles 
of ion implantation and the machines which were employed in the course of this work.
4.3.1 Principles of Ion Implantation
In an ion implanter ions are extracted at the source and pass through an acceleration 
stage, consisting of a large potential difference, after which they acquire the required 
energy. There follows separation of the wanted from the unwanted species by means 
of electric and magnetic fields. Finally the ion beam is scanned, in a raster-type 
pattern, over the sample, where the accumulated charge is monitored as a means of 
controlling the dosimetry. These features are indicated schematically in Fig. 4.1. 
Secondary electron emission is suppressed by the application of an electric field 
between the target and ground.
58
Chapter 4 Experimental
Fig. 4.1. Modules of a typical implantation system
As an ion penetrates a solid it loses its energy in a series of collisions with the target 
atoms until it eventually comes to rest. Hence, the range of an ion is determined by 
the rate at which it loses energy. If channelling in a crystalline target is avoided by 
tilting the substrate with respect to the incoming ion beam, energetic implanted ions 
have a Gaussian-shaped distribution. The expression for the volume density of 
implanted species (in ions/cm3) at the peak of the distribution is [4]
where Ns is the number of ions implanted/cm2 of target (known as the dose) and ARp , 
in cm, is the standard deviation of the projected range Rp .
4.3.2 Overview of the ion implanters employed
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To produce the samples described in this work Er and F implants were carried out on 
a Varian - 200 DF4 implanter.
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This implanter was used to introduce Er and F into c-Si wafers. Room temperature 
implants were performed in all cases. Firstly, erbium was implanted using 190 keV 
Er2+ (equivalent to 380 keV single charged) obtained from Er foil with Cl2 as the 
carrier gas. The nominal beam current range for these implants was 20-30 jllA. The 
source of F4- ions was BF3 gas in a Freeman source, the implant energy was 100 keV 
and the range of beam currents was 33-55 pA.
For all implants the chamber vacuum was approximately 10"6 Torr. The normal to the 
samples was inclined at 7° with respect to the beam to avoid channelling. Secondary 
electron emission was suppressed by the application of -3 kV.
4.4 Implant conditions
The conditions used to fabricate the samples are shown in Table 4.1.
IMPLANTATION CONDITIONS
Er2+implant energy 380 keV
Ff implant energy 100 keV
In all cases the Er implant was performed first
SAMPLE Ion Dose (cm‘2) Concentration
N A M E (cm'3)
ERF 1 68Er2+ 1 x 1014 1.3 x 101914p+ 5 xlO16 3.5 x 1021
ERF 2 68Er2+ X o 1.3 x 10’9
!4F+ 1 xlO16 6.9 x 1020
ERF 3 68Er2+ 1 x 1014 1.3 x 101914pf 5 xlO15 3.5 x 1020
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ERF 4 68Er2+ 1 x 1014 1.3 x 1019I4p+ 1 xlO15 6.9 x 1019
ERF 5 68Er2+ 5 x 1014 6.5 x 1019
I4F 5 xlO16 3.5 x 1021
ERF 6 68Er2+ 5 x 1014 6.5 x 101914p+ 1 xlO16 6.9 x 1020
ERF 7 68El.2+ 5 x 1014 6.5 x 101914pf 5 xlO15 3.5 x 1020
ERF 8 68Er2+ 5 x 1014 6.5 x 101914p+ 1 xlO15 6.9 x 1019
ERF 9 68Er2+ 1 x 1015 1.3 x 102014p 5 xlO16 3.5 x 1021
ERF 10 68Ei.2+ 1 x 1015 1.3 x 102014p+ 1 xlO16 6.9 x 1020
ERF 11 68Er2+ 1 x 1015 1.3 x 102014p<- 5 xlO15 3.5 x 1020
ERF 12 68Er2+ 1 x 1015 1.3 x 102014p+ 1 xlO15 6.9 x 1019
ERF 13 68Er2+ 2 x 1015 2.6 x I02014p+ 5 xlO16 3.5 x 1021
ERF 14 68^ 2+68 2 x 1015 2.6 x 102014p+ 1 xlO16 6.9 x 1020
ERF 15 68El.2+ 2 x 1015 2.6 x 102014p+ 5 xlO15 3.5 x 1020
ERF 16 68Er2+ 2 x 1015 2.6 x 102014pf 1 xlO15 6.9 x 1019
Table 4.1. Implantation conditions used in this work.
4.5 Annealing
The drawback of ion implantation is the damage introduced by the stopping of the 
implant ions within the substrate. This damage can be partially repaired by 
post-implant annealing. Samples were annealed in a conventional furnace at 600°C for 
4 hours, in an ambient of N 2 to suppress formation of any oxide. This temperature is 
above 550°C, approximately the critical temperature for the regrowth of a good 
quality crystal layer from amorphous Si [1]. Additional 900°C anneals for various 
times were performed on samples ERF4, ERF8, ERF12 and ERF16 in a Process
Chapter 4 Experimental
Products Corporation 2016 RTP halogen lamp system. In all cases the samples were 
placed on a Si support wafer. The annealing system was purged with nitrogen for five 
minutes at room temperature, prior to annealing, to reduce the effects of gas phase 
contaminants. The temperature was then increased to 300°C in one minute, held there 
for five minutes, increased to 900°C in one minute, and then held at this temperature 
for the desired time. The intermediate step at 300°C was performed to remove water 
vapour adsorbed on the surface of the samples and the support wafer.
4.6 Rutherford Baclcscattering and Channelling
Named after the scientist who correctly interpreted the scattering of alpha particles 
from gold foil [5], Rutherford baclcscattering of energetic singly charged helium ions 
(He+) was used to provide a probe of the degree of crystallinity of the implanted and 
annealed material, and the lattice position of Er in the Si host. Backscattered spectra 
were collected in the random and channelled modalities. Random backscattering is the 
result of the beam hitting the target in a direction away from any of the major 
crystallographic axes and, as a consequence, scattering off all target atoms. 
Channelling occurs when the He+ beam suffers glancing reflections along 
crystallographic tunnels, termed channels, present in material with little disorder. 
Hence, the yield at all depths is reduced below that obtained in a random exposure for 
the same flux of helium ions.
The probe was a collimated 1.5 MeV helium ion beam produced by a 2 MeV Van de 
Graff accelerator [6]. A schematic of the RBS apparatus is shown in Fig. 4.2.
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ENERGY STABILISING 
SLITS
Fig.4.2. Schematic view of the RBS system
The detector was a Si surface barrier detector located at an angle of 160° with respect 
to the incoming beam, which is a standard geometry. To reduce secondary electron 
emission-induced errors in the total charge collected, a suppression voltage of - 200 V 
was applied between the sample and ground. The sample stage was provided with a 
computer-controlled goniometer with two rotational degrees of freedom (0 and<])) 
and one translation degree of freedom (y) as shown in Fig. 4.3.
For random spectra, 0 was set to be - 8°, and rocking around the (j) axis between -7 to 
-9° off the normal was employed. Channelled spectra were acquired by orienting the 
sample normal with respect to the beam and then rotating the sample around the 0 
and (j) axes until the backscattered signal showed a sharp local minimum with respect 
to the rotation angle, indicative of an axial channel (broader minima are associated
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Fig. 4.3. Freedom of movement of the goniometer mounted sample stage
with planar channels). To establish the degree of disorder present, comparison of 
paired random and channelled spectra were carried out after normalising the spectra 
with respect to the total collected charge.
For data reduction, on all occasions, the energy resolution of the system was 
calculated by acquiring the random baclcscattered spectrum of silicon coated with a 
thin gold film. The preamplifier gain was adjusted in order to place the gold signal at 
channel 450. Typically, the resolution was approximately 3 keV, which in Si leads to a 
depth resolution of 180 A. The formula used to calculate the energy per channel of 
the system is described in chapter 5, together with other equations used in the 
reduction of the RBS data.
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Since the error in a Poissonian system, such as the discrete counts in the RBS system 
being described, goes as the square root of the number of counts [7], good statistics 
were assured by the collection of at least 10 (aC of charge.
4.7 Photoluminescence
4.7.1 Introduction
The spectroscopy of optical transitions excited by an optical source is called 
photoluminescence spectroscopy. The light source can either be monochromatic or 
spectrally broad.
It was necessary to cool the samples in order to study the physical processes of the 
luminescence, since temperature quenching is a well known effect. To achieve this the 
samples were placed in a closed-cycle cryostat which was cooled using either liquid 
nitrogen, for work down to 80 K, or liquid helium, for work down to 10 K. The 
photoemission from the intra-4f transition of Er lies in the infra-red region of the 
spectrum. A suitable detector material for this wavelength is Ge. All objects emit 
black-body radiation in the infra-red, including the housing of any detector. To reduce 
this "contamination", it was necessary also to cool the Ge detector with liquid' 
nitrogen. Filling of the detector with the cryogen took place at least one hour before 
taking any photoluminescence measurements to allow it to reach thermal equilibrium. 
The spectrally pure source used in the photoluminescence measurements was a 
Spectra-Physics Model 2020 5 W Ar-ion laser, with the cavity tuned to emit at
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488 nm. After it had warmed up, the output power of the laser was stable to within 
± 1 %.
4.7.2 Photoluminescence spectroscopy
A schematic of the apparatus employed for PL measurements is shown in Fig. 4.4.
Fig. 4.4. Photoluminescence apparatus
The excitation module consisted of a Spectra-Physics Series 2020 Ar ion laser, an 
EG&G Princeton Applied Research model 197 mechanical chopper operated at a 
frequency of 320 Hz, a 488 nm interference line pass filter to remove the laser plasma 
lines and a lens to focus the beam on the sample. The diameter of the spot on the
66
Chapter 4 Experimental
sample was approximately 1 mm. With the laser output power adjusted to 250 mW, 
the power density at the sample surface was approximately 10 W cm'2.
Samples were mounted on a brass holder which could be inserted through the top of 
the cryostat. Two samples could be mounted at the same time, in a back to back 
fashion, and a particular sample was selected for measurements by simply turning the 
sample holder within the cryostat through 180°. The light emerging from the cryostat 
was collected and focused onto the entrance slits of a Spex model 1704 1 m 
spectrometer, following removal of the pump laser line with an 850 nm RG coloured 
glass filter. An Applied Detector Corporation model 403 Ge detector connected to an 
EG&G Princeton Applied Research Model 5209 lock-in amplifier, which received a 
reference signal from the chopper, was used to acquire the PL spectra. Data 
acquisition was handled by a personal computer, through IEEE-488 interfaces with 
the spectrometer, the lock-in amplifier and the cryostat temperature controller.
4.7.3 Photoluminescence lifetime spectroscopy
The finite lifetime of the erbium atoms in then excited state leads to the luminescence 
intensity following an exponential decay with time. Direct measurement of the 
luminescence decay in the time domain can be attempted, using a storage 
oscilloscope, for example [8], however, since measurements were required of a very 
small signal, it was decided to make use of the large signal differentiation offered by a 
lock-in amplifier, and apply Photoluminescence Frequency Resolved Spectroscopy 
(PLFRS).
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The apparatus used to obtain the PL spectra (Fig. 4.4) was modified, as depicted in 
Fig. 4.5, in order to carry out these measurements. The Ge detector used previously 
was replaced by an Applied Detector Corporation 403 R Ge detector with a rise time 
of 10 ns and the mechanical chopper was substituted by an Acousto-Optics model 
AOM-40 acousto-optic modulator, capable of operation up to a few MHz, driven by 
a Wavetek 184, 5 MHz sweep generator through a Intraaction model ME signal 
processor.
Fig. 4.5. Modifications to Fig. 4.4 for freqency resolved photoluminescence excitation spectroscopy
The technique of FRS with in-phase (IFRS) and quadrature (QFRS) measurements 
was first described by Depinna and Dunstan [8]. We shall now describe how this 
method was applied for the work described here.
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To commence, the spectrometer was tuned to the 488 nm excitation line, so that the 
light entering the spectrometer slits was the laser line scattered from the sample in the 
cryostat. The phase at the lock-in amplifier was adjusted to add in a signal at the 
modulation frequency which gave a null output. This causes the pump and reference 
signals to be in quadrature. The spectrometer was then tuned to the Er3+ luminescence 
line at 1535 nm and the lock-in output was measured whilst maintaining the same 
phase relationship between the detector signal and the reference signal. This reading is 
referred to as the quadrature reading. An "in phase" reading was also taken after 
switching the phase of the reference signal through exactly 90°. This procedure was 
performed at frequencies covering 10 Hz - 100 kHz. The effect of transients on the 
small amplitude signals was reduced by using a long time constant of either 3 or 10 s. 
Measurements were taken after several time constants had elapsed.
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5 THEORY
5.1 Introduction
This chapter provides a background to the equations used in the following chapter in 
the analysis of the results. Firstly, how the photoluminescence frequency resolved 
spectroscopy technique described in section 4.6.3 provides information on the lifetime 
of the luminescence will be discussed. Lastly, equations useful for the analysis of the 
Rutherford backscattering data will be introduced.
5.2 Theory of FRS
To see, mathematically, how the lock-in amplifier output as a function of modulation 
frequency carries information on the lifetime processes, we now develop an equation 
following Depinna and Dunstan [1], and Bolime and Kluge [2],
If the intensity of a luminescence process decays exponentially with time as
7(f) = 1/t exp(-~) (5.1)
the decay constant, T, is called the lifetime. Following this approach, an arbitrary decay
can be decomposed into exponentials as
7(f) = J P(x)exp(-|)T"1<7x (5.2)
o
assuming that the experimental system consists of an ensemble of centres with a 
distribution of lifetimes P(x).
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If the excitation is modulated at an angular frequency, 05, it may be written as
G(t) = Go + g sin 05/ where g < Go and 05 = 2n f  (5.3)
where f is the modulation frequency. The response of the material is found from the 
convolution of (5.2) and (5.3),
7(05, t) = J P(t)£ f exp[-(/ - 1 )/t][Go + g sin 05/ ]dt d%
o
CO
= J P(t)[Go + g(l + G52/u2)_1[sin05r-G 5rcosG 5fl]d/c (5.4)
o
I(co,t) is a periodic function with the same frequency as the excitation. If this response 
is analysed by means of a lock-in amplifier, the response amplitude A(co,<|)) for the 
phase shift c|) with respect to the excitation (5.3) is given by
W
A(05, (J)) = 2 / J 7(05, Qsin(05/ -  (j))dt 
o
= 81 P(T)iiv(cos(^  + m  dx (5-5)
From (5.5) we obtain for in-phase FRS (i.e. c|) = 0°)
A ifrs(K5) = g J P (x)j~ -^d ^  (5.6)
and for quadrature FRS (i.e. (j) = 90°)
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AQFRs(®) = gjoP(x)T^ d x (5.7)
If the lifetime distribution is assumed to be composed of a number of discrete 
processes as
P(t) -  8(t -  To) + 8(t -  Ti) +....
where ToTi,....are the discrete lifetimes of the system, we obtain for the in-phase and 
quadrature lock-in outputs,
respectively.
For comparison, the in-phase and quadrature response functions for a system 
consisting of a single lifetime are plotted together in Fig. 5.1. It is seen that the 
quadrature FRS spectrum obtained from a process characterised by a single lifetime is
a Lorentzian function of half-width - 0 . 7  decades, which peaks at the frequency 
Xlpeak ~  (27CTo)
5.3 Equations used in analysis of RBS data
The following exposition of the equations used in the interpretation of the RBS data 
are based on references [3 and 4].
(5.8)
and A qfrs(G5) »= (5.9)
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Fig. 5.1. FRS system response, S(oo), to signal consisting of single lifetime.
5.3.1 Kinematic factor
The kinematic factor, IC, relates the energy of the projectile after an elastic collision 
with a target atom to its energy before the collision. The collision is shown in Fig. 5.2. 
The energy, E,, of the projectile of mass, M,, after collision with a target atom of mass, 
M2, is related to its energy, E0, before collision by the kinematic factor, defined by
E ^ IC E q (5.10)
where
K
(A/2 - M 2 sin 2 9)1/2+M i cos 9
j
(5.11)
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9 M
ProjectileoM
E
Fig. 5.2. Schematic representation of an elastic collision between a projectile of mass, M,, and energy, 
E0, and a target atom of mass, M 2, which is initially at rest. After collision, the projectile and target 
atoms have energies, E, and E2, respectively.
5.3.2 Determination of depth
As the particle passes through the target it loses energy. The energy loss, dE/dx, is due 
to interactions with electrons in the target, i.e., electronic stopping; and interactions 
with the nuclei of the target, i.e., nuclear stopping. The stopping cross section, 8, is 
defined as
where N is the volume density of target atoms.
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The energy, E,, of a detected particle can be related to the depth, x, at which scattering 
occured as shown in Fig. 5.3.
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Fig. 5.3. The trajectories and energies of particles scattered at the surface or at a depth, x, 
perpendicularly below the surface of a target.
A particle scattered at the surface has energy KE0. It can be shown that the energy 
difference, AE, between a particle scattered at the surface and one scattered at a depth 
x is given by
AE=[e]Nx (5.13)
where [£] is called the stopping cross section factor and is given by
[e] = [ ^ e ( £ o )  + ^ e ( K £ o ) ]  (5.14)
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where 0, and 02 are the angles between the target normal and the incident beam and 
scattered particle respectively; and e(E0) and e(KE0) are the stopping cross sections 
evaluated at E0 and KE0 respectively. Equation 5.13 can be used to determine the 
depth of the species which is scattering the incident He beam.
5.3.3 System calibration
As reported in chapter 4, the energy calibration of the system was obtained by using a 
reference sample of a thin layer of Au on Si. The energy due to scattering of an 
element on the surface is given by Ej=KE0 (equation 5.10). From the known value of 
the kinematic factor (equation 5.11) the energy of the backscattered particles is 
calculated for scattering from each element. The energy per channel, Ec, is defined as
where ICAu and KSi are the kinematic factors of Au and Si respectively, CAu and CSi are 
the channel positions of Au and Si respectively and E0 is the beam energy. The 
computed values of the kinematic factors are ICAu =0.9242 and Ksi =0.5732.
5.3.4 Dosimetry
The dose of the implanted Er, DEr, was calculated as
(5.16)
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where A is the area under the portion of the spectrum due to Er, HSi is the height of 
the random Si spectrum, Zsi and ZEr are the atomic numbers of Si and Er respectively, 
Ec is the energy/channel (see equation 5.15) and [e] is the stopping cross section factor 
for Si as calculated using equation 5.14. Cf is a correction factor defined as
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where MHe, MSi and MEr are the atomic masses of helium, silicon and erbium, 
respectively.
The peak volume concentration, NEr, of the implanted Er in Si was calculated as
f e = & ( | . y w |  ( 5 . 18)
N Si H s i V z &  J  [e]£.
where HEr is the height of the random Er spectrum, and [e]s] and [e]fr are the stopping 
factors for elemental Si and Si containing Er, respectively.
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6 RESULTS AND DISCUSSION
6.1 Assessment o f the implants using RBS
Analysis of the quality of the recrystallisation and the amount and location of Er 
remaining following regrowth by solid phase epitaxy (SPE) was carried out using 
Rutherford backscattering (RBS) and channelling.
By way of example, the Er parts of the random and channelled spectra obtained for 
ERF 14 (2 x id 5 cm'2Er and 1 x 1016 cm'2 F), following annealing at 600° C for 
4 hours, are shown in Fig. 6.1. The implant profile after post-implantation annealing is 
a close fit to a Gaussian function, consistent with the interaction of ions with a 
crystalline target [1]. The depth from the surface of the peak of the Er distribution 
was calculated from the RBS data using equation 5.13 as 0.13 pm. For an implant 
energy of 380 keV (doubly charged ion at 190 keV), the range of the Er implant 
calculated using TRIM [2] was 0.12 pm, indicating that no significant redistribution of 
the Er had taken place. This is consistent with the low diffusion of Er in Si [3].
The area under the Er part of the spectrum was used to calculate the total retained Er 
dose, as shown in chapter 5, equation 5.16. For sample ERF 14, this was
9.3 x Id4 cm2. The peak concentration of the implanted Er was calculated to be
9.1 x id 9cm'3 from the normalised yield at the peak of the Er part of the RBS 
spectrum using equation 5.18.
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Channel number
Fig. 6.1. Random and channelled backscattering spectra of sample ERF 14 containing 2xl015 cm'2 El­
and lxlOI6cm'2 F. For the sake of clarity only the Er part of the spectra is shown. The position of the 
surface is indicated by an arrow and was calculated from the Si portion of the spectrum.
With reference to Fig. 6.1, the area under the random and channelled spectra are 
approximately the same, indicating that most of the Er is not on substitutional lattice 
sites, as has been observed in the majority of work published on Er in Si [4,5]. None of 
the material analysed for this work differed in this respect.
The distribution of the Er in this material may be put into the context of the regrowth 
of the Si by comparing the silicon portion of the random and channelled signals 
(Fig. 6.2.)
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Channel number
Fig. 6.2. Si part of the random and channelled backscattered spectra of ERF 14 (2xl015 cm'2 Er and 
lxlO16 cm'2 F). The position of the arrow indicates the channel corresponding to the Si surface.
The ratio of the yield just below the surface of the channelled spectrum to the yield at 
the surface of the random spectrum (minimum yield, x ^ )  is 0.04, hence the crystal 
quality is good [6]. In the channelled data, the width of the surface peak, converted 
into energy is 15 keV (this is equivalent to 250 A, using equation 5.13). This is equal 
to the energy resolution of the detector, measured from the width of the Si edge [6]. 
Since even perfectly crystalline material gives a small surface peak under channelling 
conditions, due to scattering of the incident He+ beam from surface Si atoms, 
broadened by the effect of the finite detector energy resolution, it is possible to say that 
the regrowth of the amorphous layer must have proceeded up to a distance of no more
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than 250 A from the surface. This observation is completely consistent with the 100 A 
disordered layer remaining at the surface following post-implantation annealing 
(600° C, 15 min.) of Si implanted with 9 x id 4cm'2, 250 keV Er observed by Polman 
et al. [5]. In sample ERF 14 all the Er (~ 10 20cm '3) is contained in crystalline Si, this is 
on a par with the highest concentrations obtained by other groups [7,8].
Within the resolution of the system, perfect regrowth to the surface of the amorphous, 
as-implanted layer was observed for all the samples, with the exception of those that 
had received the highest dose of fluorine used (5 x 1016cm'2). The Si portion of the 
spectrum for material implanted with this dose is shown in Fig. 6.3. The thickness of 
the disordered surface layer, calculated from the width of the surface peak of the Si 
part of the channelled spectrum, is 2300 A. This distance from the surface was 
translated into a channel number for the Er portion of the spectrum using equation 
5.13, and is represented by an arrow in the inset graph. By disordered, a lack of long 
range order is implied, although the displaced Si host atoms may include point defects, 
dislocation loops, stacking faults and twins [6]. It can be seen that, although the Er has 
not been redistributed during annealing (measured range = 0.15pm), the thickness of 
the non-crystalline Si layer is such that 80% of the Er is not contained in c-Si.
The channelled spectrum attains the same height as the random spectrum, which 
indicates that, in this case, the surface disorder is caused by the presence of amorphous 
or polycrystalline material [6]. The fact that post-implantation annealing has not led to 
the regrowth of the surface amorphous layer indicates the possibility that, for high 
doses around 5 x 1016 cm 2, F plays a role similar to that observed for carbon in
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Fig. 6.3. Si portion of the random and channelled RBS spectra for sample ERF 9 (5xl016 cm'2 F, 
lxlO15 cm'2Er). The arrows show the position of the surface and the interface between the crystalline 
and disordered region as calculated using the channelled data. A depth scale is shown indicating the 
thickness of the surface disordered layer. The inset shows the Er portion of the spectrum. The arrow 
signifies the position of the crystalline-disordered interface. (N.B. Depth into the sample decreases 
with increasing channel number).
impeding the regrowth of amorphous Si [9].
Regarding the proportion of Er contained in c-Si, complete containment was observed 
for F doses of 5 x 10,5(ERF 3,1, 11 and 15) and 1 x 1016 cm"2 (ERF 2, 6, 10 and 14), 
irrespective of the dose of Er. However, when the F dose was 5 x 1016 cm2, which
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was the highest dose considered in this work, less than 30 % of the Er sat in c-Si (ERF 
1, 20%; ERF 5, 25%; ERF 9, 12%; ERF 13, 15%). Thus, at a dose somewhere 
between 1 x 1016cm'2 and 5 x 1016 cm'2, epitaxy is disrupted during regrowth.
The Si portion of the RBS random and channelled spectra for material implanted with 
the lowest dose of F (1 x 1015 cm'2) is shown in Fig. 6.4. The measured x ^  value is
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Channel number
Fig. 6.4. Si portion of the random and channelled RBS spectra for sample ERF 8 (lxlO15 cm'2 F, 
5xl014 cm'2 Er). The inset shows the random RBS spectrum for the Er portion for the same sample. 
The arrow indicates the position of the interface between the region of c-Si and the layer of surface 
disorder.
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0.05, indicative of good crystal regrowth [6]. Once again, the surface disorder peak on 
the channelled spectrum is indistinguishable from the energy resolution of the detector, 
so that regrowth has taken place to at least within 250 A from the surface. This 
distance from the surface was translated into a channel number for the Er portion of 
the spectrum using equation 5.13, and is represented by an arrow in the inset graph. 
The Er profile (shown in the inset graph) shows two peaks, centered at 300 A and 
1800 A. Given that the peak of the as-implanted Er distribution was given by the 
TRIM code [2] as 1200 A, there is clear evidence to indicate that, during annealing 
some Er has moved towards the surface. Studies of the incorporation behaviour of Er 
in Si have shown that during SPE, Er shows both segregation and trapping [10]. The 
equilibrium solubility of Er in c-Si is unknown, but by analogy to the transition metals 
[11] it is estimated to be 1014-1036 cm'3. Since the Er peak at 300 A from the surface 
lies in c-Si, sample ERF 8 exhibits a maximum trapped Er concentration of 
2 x lO9 cm'3, at least 3 orders of magnitude above the equilibrium solubility. 
Furthermore, approximately 95 % of the Er is trapped in the c-Si. This demonstrates 
the efficacy of ion implantation as a non-equilibrium method.
After annealing some of the Er has moved deeper into the Si than the original, 
as-implanted position, leaving a peak in concentration (approximately 1 x 1019 cm'3) at 
a depth of 1800 A. No such effect has been reported in the literature. It is speculated 
that a buried amorphous layer was present in the as-implanted sample. The regrowth 
would have then taken place at the two amorphous/crystalline interfaces. As one 
segregation front pushed towards the surface, some Er remained behind to leave the 
smaller peak at 1800 A and the rest was trapped in the crystalline silicon.
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Segregation and trapping of Er close to the surface was seen in material implanted with 
1015 cm’2F (samples ERF 4, 8, 12 and 16). However, it was found that the position of 
the peak of the Er distribution trapped near the surface did not depend on the Er dose 
implanted, which ranged from 1 x 1014to 2x l015cm'2.
6.2 Photoluminescence Spectroscopy
6.2.1 Introduction
This section commences with a study of Si:Er, F by means of high resolution 
photoluminescence spectroscopy. Rich spectra are seen in which the energy level 
splitting is influenced by the F dose. Comparison with the literature permits 
identification of the PL spectra of an isolated Er ion in a tetrahedral crystal field as well 
as features related to sites of nearly axial symmetry. Other features are related to Er 
complexes with residual radiation defects. Lower resolution PL spectroscopy, which 
maximises the heights of the PL spectra peaks, at different temperatures, reveals that 
the intra-4f emission is rapidly quenched as the temperature is increased.
6.2.2 Types of luminescent centre present
The relative positions and intensities of the spectral features were measured and 
employed to shed light on the siting of Er in a Si host also containing O and F, the 
former as an artefact of wafer processing (concentration 1018cm'3) the latter as a 
deliberately introduced codopant (concentration range -7  x 1019 - 4 xlO21 cm"3). For 
greater accuracy in this task the spectrometer was used in high resolution mode,
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achieved by narrowing the entrance and exit slits (see Fig. 4.4 for the PL setup). In the 
high resolution PL spectroscopy carried out for this work, the slit width was set to 
1000 jam, giving a nominal wavelength resolution of 1.4 nm, which is equivalent to 
0.8 meV on the energy scale (= 6.2 cm 1).
The high resolution PL spectrum of ERF 8 over the range 1500 to 1600 nm
(775.0 - 826.6 meV) at 10 K is shown in Fig. 6.5. There are thirteen clearly defined
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Figure 6.5. High resolution PL spectrum for ERF 8 (5xl014Er cm'2, lxlO15 F cm'2) at 10 K (open 
symbols) and 80 IC (filled symbols). The abscissa of a peak is expressed as a wavelength on the lower 
x axis and as an energy on the upper x axis. The positions of lines due to an Er-related defect in a 
tetrahedral (Td) crystal field are marked with an asterisk, following the assignments by Tang et al 
[123-
88
Chapter 6 Results and Discussion
lines. These have been indicated by the letters A-M in the figure. The existence of 
sharp spectral features is further evidence that the Er is in a crystalline environment 
[13]. The positions of the lines and a comparison with high resolution spectra of 
erbium in silicon as reported in the literature are given in Table 6.1.
Wavelengths (in nm) of some of the characteristic PL lines observed in Er-implanted Si reported in 
the literature. Numbers in parentheses are the corresponding wavenumbers (cm'1)3. Numbers in bold 
typeface represent the strongest lines.
Annotation in 
Fig. 6.5
ERF 8 (10 K) 
CZ-Si 
5xl014 Er cm'2 
lxlO15 F cm'2
ERF 6 (10 K) 
CZ-Si 
5xl014 Er cm'2 
lxlO16 F cm'2
Tang et al. 
[12]b
Przybylinska 
et al. [16]c
1500.6 (6664)
1505.8 (6641)
1508.2 (6630)
1509.6 (6624)
1512.4 (6612)
1516.4 (6595)
1517.8 (6588)
1519.2 (6582)
1521.6 (6572)
1524.8 (6558)
1529.0 (6540)
A 1531.6 (6529) 1532.6 (6525)
1533.8 (6520)
B 1535.6 (6512) 1535.6 (6512) 1538.0 6511.0
C 1539.2 (6497) 1538.2 (6501) 6498.0
1542.8 (6482)
D 1545.6 (6470) 1545.6 (6470) 6471.0
E 1550.8 (6448) 1550.8 (6448)
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F 1554.0 (6435) 1554.0 (6435) 6437.0
G 1557.0 (6423) 1557.0 (6423) 1556.0 6426.0
H 1561.2 (6405) 1560.2 (6409)
I 1565.8 (6387) 1563.6 (6395)
J 1570.6 (6367) 1570.2 (6369) 6369.0
1575.6 (6347) 1575.0
IC 1579.0 (6333) 1577.6 (6339)
1581.4 (6324)
1583.4 (6316)
L 1585.0 (6309) 1586.2 (6304) 6300.0
1589.4 (6292)
1593.4 (6276)
1596.4 (6264)
M 1598 .0 (6258) 1599.0 (6254) 1597.5
8 Only the wavenumbers are given for the lines described in reference [16]. 
b All lines correspond to centres of Td symmetry.
c Only those lines assigned in [16] to centres of axial symmetry are reproduced.
Table 6.1. Comparison of the wavelengths of the PL lines observed for sample ERF 8 (lxl015Er cm'2, 
5x1014F cm*2) and ERF6 (5xl014Er cm'2, lxl016F cm'2), shown in Figs. 6.5 and 6.6, with what has 
been reported in the literature. The line positions of the dominant emitting centres are emphasised 
with bold type.
In the literature concerning the use of F as a codopant with Er, the detail seen in the 
PL spectra varies. Liu et al. [4] implanted F at a fluence of 1016cm'2 to coincide with 
Er implanted to a peak concentration of 3.5 x 1019 cm 3. At 80 K the spectrum was 
broad (40 nm) and showed a main peak at 1.537 jam and a shoulder at ~ 1.6 jam. The 
high resolution spectra at 77 K taken by Terrasi et al. [14] show a series of fine 
features. The codopants O, F and C, all gave very different spectra, notwithstanding
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the main peak at ~ 1.54 jim, which was present in all the spectra. Ni et al. [15] also 
observed very much more complicated spectra for Er/F than for Er/O.
In the 10 K spectrum of ERF 8, the two strong overlapping lines at B and C are 
located at 1536 and 1538 nm, respectively, and there is another strong line at 1571 nm 
(J). In addition, there is one feature which is only partially resolved and appears as a 
shoulder at 1530 nm (A), and several other weaker lines at wavelengths above the two 
overlapping main peaks (D-I and K-M). Comparing these features with what has 
previously been reported in the literature, the lines at 1536 (B), 1557 (G) and 1598 nm 
(M) were assigned by Tang et a l [12] as being due to Er in a crystal field of cubic 
symmetry (Td). In Fig. 6.5 the cubic lines are indicated by an asterisk. Przybylinska et 
a l  [16] equate these lines with isolated interstitial erbium, because they are as much 
apparent in FZ- as CZ-Si which have, as will be recalled from chapter 3, O 
concentrations differing by two orders of magnitude. As an extension to this concept, 
the author has observed that throughout the reported literature, these lines are 
consistently observed and their relative intensities are approximately the same, 
although the concentrations of Er vary widely and different species are present as 
codopants. In the work described here, it was found that for Er doses over the range 
1015 - 5xl016 cm 2, the relative intensities of these three lines were approximately 
1 : 0.4 : 0.3. The similarity between these lines suggests that, to a first approximation, 
the crystal field, which is to say the local environment, is the same. Since the emission 
of these lines occurs from material with low doses of Er [12,16], high doses of Er (this 
work), O concentrations of 1016- 1018cm'3 [16] and high doses of F codopant (this 
work), the local environment must only include that which is common to all these
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materials, i.e. silicon atoms. This supports the conclusion of Przybylinska et al. [17] 
that the cubic PL spectrum in silicon originates from isolated Er ions and not from 
Er-O (nor, we must add, Er-F) complexes.
After accounting for the sites lying in fields of tetrahedral symmetry, which is the 
highest degree of symmetry [18], there are many lines still unlabelled (namely, A, C-F 
and H-L), signifying that Er-related sites of lower than cubic symmetry must be 
present. Following the reasoning expounded by Tang et al. [12], the strong peak at 
1570.6 nm (J) probably arises from the presence of Er in interstitial lattice sites of 
hexagonal symmetry, e.g., they possess a centre of axial symmetry about the <111> 
axis. In the samples exhibiting this peak, the anneal applied by Tang et al. [12] was at 
600° C for 30 min., the longer time of 370 min. being sufficient to remove this lattice 
site through, it is suggested, either greater occupation of more thermally stable lattice 
sites of tetrahedral symmetry or migration of Er3+ ions to the surface. Note that no Er 
at the surface was found in the work described here (see section 6.1). In this work, the 
initial anneal was 240 min. at 600° C, which was sufficient to regrow the amorphised 
layer by solid phase epitaxy, as described in section 6.1, but not enough to remove this 
Er-related peak. Taking this result together with the findings of Tang et al. [12] 
suggests that, in order to optimise the positioning of Er at the more thermally stable 
lattice sites of tetrahedral symmetry, 600 0 C anneal times should exceed 240 min.
A PL spectrum taken at 80 K is shown in Fig. 6.5. Otherwise, all the conditions were 
the same as those used to obtain the 10 K spectrum. Compared with the emission lines 
seen at 10 K, the higher temperature leads to the disappearance of the line (J) emitted
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by the centre at a site of axial symmetry. At 10 IC the luminescence of this centre was 
almost as great as that emitted by the cubic defect located at 1535.6 nm (B). This is 
further evidence of the thermal instability of the axial defect.
After accounting for the luminescence from the centre with cubic site symmetry, ten 
emission lines remain to be assigned, including the 1570.6 nm (J) line discussed above. 
For transitions for centres with lower than cubic symmetry, the number of emission 
lines expected from crystal field theory is eight [18]. All but one of the 7 lines 
identified as corresponding to centres of axial symmetry in the high resolution Si:Er 
spectra obtained by Przybylinska et al. [16] can be observed in the 10 K spectrum of 
ERF 8 in Fig. 6.5. The alphabetical assignments for these lines are C, D, F, G, J and L. 
Przybylinska et al. [16], using a Fourier transform spectrometer which gives sharp 
lines even for very weak signals, identify another axial line at around a wavenumber of 
6510 cm 1, which is unresolved in our spectrum since it coincides with the strongest 
peak at 6512 cm"1.
In Fig. 6.6 the PL spectra of samples ERF 6 and ERF 8 are compared. These samples 
were implanted with Er at the same dose (5 x 1014cm"2) and under exactly the same 
conditions. However, ERF 6 (F dose 1 x 1016 cm"2) was implanted with an order of 
magnitude more F than ERF 8 (F dose = 1015 cm"2). Across the wavelength range 
studied (1500-1600 nm), the PL emission of ERF 6 is approximately the twentieth part 
of that of ERF 8. This decrease in intensity must, therefore, be due to the greater 
fluence of F. Decreasing PL intensity for F concentrations above 5 x 1019 cm'3 were also 
observed by Ren et al. [19]. However, they obtained very broad spectra, even at 4.2 K,
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Fig. 6.6. Comparison of high resolution PL spectra for ERF 8 (5xl014Er cm'2, lx l0 15F cm'2) and ERF 
6 (5xl014Er cm'2, lx l0 16F cm'2) at 10 K, with an excitation power of 800 mW. The positions of lines 
due to an Er-related defect in a tetrahedral (Td) crystal field are marked with a star. The lines labelled 
A to M occupy the same positions as in Fig. 6.5.
which suggests that the crystal quality of their material was very poor. Our spectra 
show a series of sharp features, which is considered to be a signal that the Er impurity 
is in a crystalline environment [15].
Referring to Fig. 6.6, the line at 1570.2 nm (line J), which is equated with the ERF 8 
line at 1570.6 nm, identified as a centre with axial symmetry, shows approximately 
equal intensity in ERF 6 and ERF 8. As with ERF 8 (Fig. 6.5), at 80 K this feature is
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no longer visible. A striking feature emerging from the comparison of the spectra of 
ERF 6 and ERF 8 is the much richer structure of the former (32 peaks were identified, 
compared to 13 in the ERF 8 spectrum). These peaks are labelled with their 
wavelengths in Table 6.1. We relate the low symmetry centres to the presence of 
implantation-induced lattice defects (such as silicon vacancies or vacancy complexes 
with residual silicon impurities) in the vicinity of the Er ion. The broad background 
feature, peaking at approximately 1.53 jam (808.4 meV) probably originates from the 
so-called D1 dislocation line [20]. Finally, referring once again to the spectrum of 
ERF 6 in Fig. 6.6, the large background observed at wavelengths below 1.52 jam is not 
understood, but could be due to luminescence from implantation-related defects left 
after annealing.
Low temperature PL measurements were also carried out over a wide wavelength 
range. The 20 IC PL spectra of ERF 1-6 over the range 1200-1700 nm are shown in 
Fig. 6.7 a. The spectrometer slitwidth was 3000 jam, giving a resolution of 4.2 nm 
(= 3.2 meV). All the spectra show emission around the 1.54 jam band associated with 
Er, although the strongest comes from ERF 4 (1 x 1014 Er2+ cm"2 and 1 x 1015 F+ cm"2). 
Of the six samples represented in Fig. 6.7, this sample was implanted with the lowest 
dose of F (1015 cm"2). Furthermore, all the spectra show a relatively broad (width 
~ 26 nm) feature at approximately 1400 nm and an intense, sharp (width ~ 15 nm) 
line at approximately 1615 nm. The broadness of the line at the shorter wavelength 
suggests that it is defect related. Emission at 1400 nm was observed by Michel et al. 
[13], and attributed to hydrogen defect complexes (they used a hydrogen treatment in 
order to passivate residual defects) or residual radiation damage, although they were
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Fig. 6.7. a) 20 K PL spectra over the range 1200-1700 nm for samples ERF 1-6. The excitation power 
was 250 mW; b) Effect of F dose on the intensity of the 1400 nm line for Er doses of 1 x 1014 (filled 
symbol) and 5xl014 cm"2 (open symbol); c) Effect of F dose on the intensity of the 1616 nm line for Er 
doses of 1 x 1014 (filled symbol) and 5xl014 cm"2 (open symbol).
unable to chose between the two. In addition, the intensity of this line increases with 
the F dose from 1 x 1015 to 1 x 1016cm'2(Fig. 6.7 b) and then decreases. This supports 
the suggestion that the 1400 nm line is related to implantation-induced defects. 
Increasing the Er dose from 1014 to 5xl014cm"2 does not appreciably change the 
intensity of this line, which provides additional evidence that this line is unrelated to 
the Er.
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The line at 1616 nm is most intense in sample ERF 2, for which it is a factor of 2 
greater than the intensity of the 1.54 pm peak. This line is, once again, probably defect 
related since the line is sharp and its intensity approximately increases with F dose for 
samples ERF 1-4 (see Fig.6.7 c). At a dose of 1016F cm 2, the intensity of the 1616 nm 
line at an Er dose of 5x l014cm'2 is approximately the same as the intensity for 1014 Er 
cm'2, this correlation suggesting that the line is not Er related. As far as the author is 
aware, luminescence at this wavelength has not been reported previously in studies on 
Er in Si with either O or F codopants. The 1616 nm line was not observed in spectra 
recorded at 80 K, indicating that this line has similar properties to the 1570 nm line 
described by Tang et a l  [12]: that is, it has axial symmetry and is thermally unstable.
6.2.3 Effect of additional annealing
To see the effects of higher temperature treatments, additional annealing at 900°C was 
carried out on ERF 8, 12 and 16, which had been implanted with 1 x Id5 F cm'2 and 
either 5 x id4, 1 x Id5 or 2 x id5 Er cm'2, respectively. The outcome of the anneal, 
shown in Fig. 6.8, was surprising. Reports in the literature describe as much as an 
order of magnitude increase in peak intensity after the higher temperature anneal [4, 
5,21]. This is due to the proper formation of the Er-codopant complexes by a 
mechanism which is still not understood, but is probably due to an increase in the 
minority carrier lifetime in the silicon leading to more efficient excitation [22]. 
Furthermore, following the 900°C anneal, no shift in the wavelength of the peak has 
been described. We found that there was no great increase in the PL intensity, at most 
a factor of two (for ERF 16), accompanied by a change in the wavelength of the peak
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Fig. 6.8. Effects of annealing at 900°C for 1/2 hr on a) ERF 8, b) ERF 12 and c) ERF 16.
Sample Er PL Linewidth Following Annealing 
(nm) +2.5 nm
600 °C only 600 °C + 900 °C
ERF 8 30.0 45.0
ERF 12 30.0 35.0
ERF 16 35.0 45.0
Table 6.2. Linewidths of the photoluminescence from samples ERF 8, 12 and 16 under different 
annealing conditions.
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emission from approximately 1535 nm to 1531 nm, a decrease of 4 nm (= 2.1 meV). 
The spectra obtained after the 600 °C + 900 °C anneals are broader. The full width at 
half maximum for the three samples under the two sets of annealing conditions are 
shown in Table 6.2.
To cause the shift in the emission wavelength there must be a restructuring in the Er 
local environment. This rearrangement of the local environment must be thermally 
driven and does not occur at 600°C or below. The thermal energy, Emin, required to 
activate this process, must therefore be greater than kT600oC and less than kT900oC, where 
lc is Boltzmann's constant and T is the temperature. In this case,
75 meV <I^in< 100 meV. The fact that the greatest post-900 C increase in PL
intensity was observed for ERF 16 (1015 F cm'2, 2x l015Er cm'2), which contains the 
highest dose of Er, appears to indicate that proportionally more Er is optically active in 
this sample.
6.2.4 Effects of composition
In order to see how the relative concentrations of Er and F influenced the Er3+ 
emission, the 1.54 pm PL intensity was measured for samples ERF 1-16 at 80 IC and 
an excitation power of 250 mW. The effect of changing the Er dose for samples
containing equal F doses can be seen in Fig. 6.9. Note that taking the integrated PL
intensity (i.e. the area under the PL spectrum) instead of the peak intensity at 1.54 pm 
made no difference to the shape of the graph. The intensity generally increases as the 
Er dose is increased from 1014 to 1015 cm'2 and then decreases slightly from 10]5 to
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Fig. 6.9. PL intensity at 1.54 pm for samples ERF 1-16 (80 K, 250 mW) as a function of the 
as-implanted Er dose.
2 x 1015Er cm’2. The magnitude of this increase depends inversely on the initial F dose. 
Whereas for the highest F dose of 5 x 1016 cm'2, the PL intensity only increases by 
approximately 70%, for 5 x 101SF cm'2 the intensity increases by a factor of 2.5. The 
increases for 1015F cm'2 and 1016F cm'2 lie in between these two extremes.
The decrease in PL intensity for the highest Er dose (2xl015 cm'2) can be correlated 
with the RBS data for these samples, discussed in section 6.1. It was seen that the Er 
in this material had segregated into two spatially separate regions and that 95% of the 
Er was contained in c-Si. The region between the two lobes of the Er distribution may
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be a source of nonradiative recombination pathways for the Er luminescence. 
Alternatively, the decreasing luminescence as the Er dose is increased above 
1 x id 5 cm'2 could be a consequence of there not being sufficient F atoms present to 
form any more optically active Er/F complexes. The effect of increasing the F dose 
while maintaining the Er dose constant is shown in Fig. 6.10. The general pattern is
Fluorine dose (ions cm’2)
Fig. 6.10. PL intensity at 1.54 jim for samples ERF 1-16 (80 K, 250 mW) as a function of the 
as-implanted F dose.
that increasing the F dose beyond 1 x 1015 cm'2 is detrimental to the Er-related 
luminescence. The PL intensity drops by an order of magnitude for a fifty fold increase 
in F dose. In this work, the lowest F fluence employed was 1 x id5 cm'2,
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corresponding to a peak concentration of 6.9 x 1019cm'3 (-1.5 at %). Earlier work by 
Ren et al. [19], in which F implants were carried out corresponding to concentrations 
in the range 5 x 1017 - 5 x 1019 cm'3 and the Er concentration was 5 x 1017 cm'3, 
suggested that increasing the F concentration from 5 x 1017 to 1 x 1019 cm 3 increased 
the 1.54 |iim emission intensity, whereas beyond 1 x 1019 cm'3 the Er luminescence was 
artificially high, due, it is implied, to a broad background spectrum from an increasing 
amount of implantation-related damage which is not by annealing. To give a data 
set which overlapped with that of Ren et a l  [19], we prepared a sample with fluences 
of 1 x 1015 Er cm'2 and of 1 x 1014 F cm'2 (the latter corresponding to a peak 
concentration of 6.9 x 1018cm'3). Annealing was carried out as described in chapter 4 
for all the other samples. PL measurements at 80 K of this material yielded only very 
weak luminescence (data not shown). Taken alone, the low PL signal from this sample, 
although it does not sit well with the results obtained by Ren et a l  [19], cannot be 
taken as a refutation of their results, since it is possible that this particular sample was 
improperly prepared. There is no doubt, however, that the strong PL obtained for F 
doses in the range 1 x 1015 cm'2 to 1 x 1016 cm'2, taken together with the high crystal 
quality of this material (see section 6.1), somewhat contradicts the assertion of Ren et 
a l [19] that codoping with F in these quantities leads to weak, very broad 
defect-related luminescence. To illustrate and compare the behaviour of the Er 
emission intensity described by Ren et a l  [19] and that described here in this work, the 
PL intensity in each case has been plotted against the F concentration (Fig. 6.11). Note 
that the PL intensity is given in arbitrary units in each case and therefore cannot be 
quantitatively compared.
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Fig. 6.11. PL intensity at 1.54 jam compared for data obtained by Ren et al. [19] and data reported on 
in this thesis.
The graphs showing the variation of Er luminescence intensity with Er (Fig. 6.9) and F 
concentration (Fig. 6.10) were combined to give a plot of the change in PL intensity 
with the ratio of the Er to F concentrations (Fig. 6.12). There appear to be two 
regions: For increasing ratios over the range 0.05 to 0.2, the luminescence increases; 
the emission intensity then tends to level off for ratios greater than 0.2. The transition 
region has been denoted with a dashed line in Fig. 6.12. The data points to the left of 
this line were fitted with a straight line (not shown) as were those to the right. The 
point of intersection of these two line marks the approximate value of the optimum 
ratio of Er to F concentrations. This value was calculated as 0.4. The data therefore
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Er concentration/F concentration
Fig. 6.12. Variation of Er PL intensity with Er to F concentration ratio. The vertical dashed line is 
discussed in the text. Measurements were taken at 80 IC using an excitation power of 250 mW.
suggest that the optimum Er:F concentration ratio is less than one, which appears to 
imply that there are at least two F atoms for every Er atom in the Er/F complex 
believed to be responsible for the luminescence. This result differs from the conclusion 
of Ren et al. [19] that the complex is Er:F. Our result is not surprising considering that 
Er is relatively larger compared to F.
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6.2.5 Temperature dependency of the luminescence
The temperature quenching of the 1.54 jam emission from Er in Si has received a lot of 
attention, chiefly since, together with the low concentration of optically active Er 
obtainable, it presently bars the way to the fabrication of devices with significant 
luminescence at room temperature [8]. For example, comparison of the 10 K and 80 IC 
high resolution PL spectra of ERF 8 (Fig. 6.5), shows that there is a quenching of the 
luminescence by a factor of four on increasing the temperature over this range.
As described in chapter 3, a quantitative analysis of the temperature quenching of Er:Si 
can provide physical insight on the location of the Er-related defect level with respect 
to the bottom of the Si conduction band. For a sample containing 5 x 1014 Er cm’2 and 
1 x 10'5 F cm'2 (ERF 8), the spectra obtained for the temperature range 90-160 IC are 
shown in Fig. 6.13. Additionally, the intensity measured at 90 IC was multiplied by the 
quenching factor of approximately four observed in Fig. 6.5 to give a value for the 
emission intensity at 10 K. This value is indicated by an asterisk in Fig. 6.13. 
Observation of Fig. 6.13 reveals that, firstly, there is no evidence of a 
temperature-related variation in the peak emission wavelength. The peak of each 
spectrum occurs at ~ 1535 nm. Secondly, it can be seen that the luminescence is 
quenched with increasing temperature. As stated in chapter 3, it is advantageous to 
plot the quenching data in the Arrhenius form (i.e. PL intensity vs 1000/T). The 
Arrhenius representation of the ERF 8 data (Fig. 6.14) shows that the luminescence 
suffers a gentle quenching by a factor of four as the temperature is increased from
105
Chapter 6 Results and Discussion
1450.0 1500.0 1550.0 1600.0
WAVELENGTH (nm)
1650.0
Fig. 6.13. PL spectra obtained over the temperature range 90-160 K for sample ERF 8 
(5 x 1014 Er cm'2 and 1 x 101S F cm'2). The asterisk represents the PL intensity at 10 K predicted from 
the measured quenching reported in Fig. 6.5.
1000/T (K1)
Fig. 6.14. Arrhenius plot of the temperature quenching of the 1.54 pm signal over the temperature 
range 90-160 K for sample ERF 8 (5 x 1014 Er cm'2 and 1 x 1015 F cm'2).
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10 K to 80 K. Increasing the temperature from 90 K to 160 K, the PL intensity 
decreases more quickly, by approximately a factor of 20. Using equation 3.1, linear fits 
were made to the two sections showing different quenching behaviour. The value 
obtained for the activation energy EA, which represents the energy difference between 
the Er-related level and the bottom of the Si conduction band was 70 meV.
The high resolution PL studies described in section 6.2.2 showed that the composition 
of the material (Er and F doses) affects the luminescence spectra. To investigate the 
effect of composition on the temperature quenching of the luminescence, PL intensities 
were measured over the temperature range 80-150 K for samples ERF 5 
(5 x l04Er cm2, 5 xlO16 F cm2), ERF 10 (1 x 1015 Er cm2, 1 x l ( f6 F cm'2) and 
ERF 12 (1 x 1015 Er cm'2, 1 x 10 15 F cm'2). The Arrhenius representations of these 
measurements are shown in Fig. 6.15, fitted using equation 3.1. Each set of 
experimental data was normalised to the 80 K value, to facilitate comparison. The 
temperature dependencies of the luminescence intensity at 1.54 jam for samples ERF 8 
and 12 show that the luminescence is rapidly quenched above 100 K, whereas ERF 10 
does not show significant quenching until 125 K and ERF 5 shows very little 
quenching at all. However, the 80 K luminescence from ERF 5 is almost an order of 
magnitude less than that of ERF 10. Using equation 3.1, the values obtained for the 
activation energy EA, which in this model represents the energy difference between the 
Er-related level and the bottom of the Si conduction band were ERF 5, 65 meV; ERF 
8, 70 meV; ERF 10, 200 meV and ERF 12, 85 meV. For O-doped Si:Er, this energy 
difference has been repeatedly reported to be of the order of 150 meV
Chapter 6_____________________________________________ Results and Discussion
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Fig. 6.15. Arrhenius representation of the 1.54 pm luminescence intensity quenching with 
temperature over the range 80-150 K for samples ERF 5, 8, 10 and 12. Each set of experimental data 
has been normalised to the 80 IC value and fitted with equation 3.1.
[13,22,23,24,25,26]. These results seem to suggest that the Er-related defect level with 
F as codopant is closer to the conduction band than when the codopant is O.
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6.3 Lifetime measurements
6.3.1 Introduction
The lifetime distribution (the P(t) in equation 5.2) of silicon doped with Er and F was 
obtained at temperatures over the range 10-150 K using the photoluminescence 
frequency resolved spectroscopy (PLFRS) technique described in section 4.6.3. A 
constant excitation laser power of 800 mW was used. The effect of the power of the 
excitation laser on the lifetime was also explored. The samples chosen to be studied by 
PLFRS were those that had given strong photoluminescence (ERF 6, 7, 8, 10, 11, 12). 
The requirement for a strong PL signal stems from the reduced sensitivity of the fast 
Ge detector employed in PLFRS (see section 4.6.3).
In this section, a qualitative description of the lifetime data leads into a quantitative 
analysis of P(t). Comparison of the temperature quenching of the lifetime with that of 
the PL intensity, in the light of previously published work, indicates that the dominant 
form of quenching process, over the temperature range studied, is one in which 
excitons bound to an Er-related energy level are disassociated before their 
recombination energy can be transferred to the Er3+ ions.
6.3.2 Lifetime distributions
For values of the modulation frequency over the range 10-105 Hz, the quadrature (out 
of phase) signal of sample ERF 8 at 80 K was measured following the procedure 
described in section 4.6.3. A semilog plot of the quadrature signal against the
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frequency is shown in Fig. 6.16. To improve the signal to noise ratio, an integration
FREQUENCY (Hz)
Fig. 6.16. PLFRS spectrum at 80 K of sample ERF 8 taken in quadrature (filled circles). Lines drawn 
through the points show the best fits for a single Lorentzian (dashed line) or double Lorentzian (solid 
line) function. The latter has been deconvolved into its two component functions (dotted lines).
period on the lock-in amplifier of 10 s was used. Unless mentioned otherwise, this 
should be assumed for all the PLFRS measurements reported here. The error in the 
quadrature signal was determined by repeating the measurements several times and 
calculating the mean. Plotted against modulation frequency, the spectrum of the
quadrature signal gives the lifetime distribution (P(x)) following conversion from 
frequency, f, to lifetime, x, according to the relation T =  (2tc/)~] (consult section 4.2 
for the derivation of this equation). The quadrature signal shows a peak at around
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450 Hz which, on the lifetime scale, is 0.35 ms. However, the distribution of the signal 
with frequency appears to be asymmetric, particularly for frequencies greater than 
450 Hz. This implies that the lifetime distribution cannot be completely described by 
only a single time constant. The degree of asymmetry is illustrated quantitatively by 
comparing the results of fitting either a single Lorentzian function, which is 
symmetrical, or the sum of two such functions, which is usually asymmetric. The least 
squares fitting package used to fit to the data [27] yielded, for the single Lorentzian, a 
goodness of fit r 2= 0.73 and, for the combination of two Lorentzian functions, 
r2= 0.93 (a perfect fit would be represented by r2= 1). The fitted curves for ERF 8 are 
also shown in Fig. 6.16 and, in addition, the combination of two Lorentzians has been 
deconvolved to show its component, single Lorentzian functions.
The single Lorentzian functions, whose sum best describes the PLFRS data of ERF 8 
at 80 K, have peaks at frequencies of 360 Hz and 2620 Hz. Applying the 
transformation from frequency to lifetime yields lifetimes of 440 ± 30 \is and 
60 ± 5 jis, respectively. Thus the lifetime distribution of this material yields two time 
constants which, adopting the convention employed in the literature [22], are hereafter 
referred to as the slow lifetime and the fast lifetime. Remembering that they were 
obtained at 80 K, these values are in accordance with figures published elsewhere in 
the literature [21,24,28,29].
Before embarking on further analysis of the lifetime data, it is necessary to establish 
one fact. The power in each diffracted beam emerging from the acousto-optic 
modulator (Fig. 4.6), which was used to provide a sinusoidally varying excitation beam
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for the PLFRS experiments, is sensitive to the angle the modulator makes with the 
incident laser beam. It was ascertained, through a simple experiment in which the 
intensity of one of the diffracted beams was monitored while the modulator was 
moved, that small changes in angle caused relatively large changes in intensity. Hence, 
all other things being equal, 800 mW of laser power, after emerging from the 
modulator, could have given different laser intensities at the sample surface. The 
potential problem in these measurements is therefore whether the measured lifetime is 
also a function of the incident intensity. To resolve this one way or the other, a series 
of PLFRS spectra were obtained by fixing the position of the AO modulator, but 
varying the laser power at source. The spectra obtained are shown in Fig. 6.17 and the 
lifetimes obtained by fitting are shown as a function of power in Fig. 6.18.
FREQUENCY (Hz)
Fig. 6.17 PLFRS spectra for ERF 8 at 80 K at laser powers of 150, 400 and 800 mW.
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LASER POW ER (mW)
Fig.6.18. Luminescence lifetimes obtained by fitting to the PLFRS spectra in Fig. 6.17.
Averaging the lifetimes in Fig. 6.18 gives, for the fast process, a value of 53 ± 10 jus (± 
20 %) and, for the slow process, a value of 450 + 25 fis (± 5 %). The small variation 
of lifetime observed over the range of power 150-800 mW is consistent with the 
observations of Coffa et al. [24] and Fuhs et al. [30]. Hence, there appears to be no 
significant variation of the lifetime with the excitation power employed. The peak 
intensity of the PLFRS luminescence signal increases with increasing laser power in the 
range 150-800 mW (Fig. 6.17).
Recalling, from the results presented in section 6.2.4, that changing the F 
concentration is linked to an alteration in the local environment of the luminescent Er3+ 
centres, an experiment was performed to see whether the lifetime also exhibits a similar 
influence. PLFRS measurements were carried out on samples ERF 6, 7, 8, 10, 11 and
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12, so that, with reference to Table 4.1, the Er dose was either 5xl014or 1015 cm'2 and 
the F dose varied over the range 1015- 1016 cm'2. The measurement temperature was 
80 K. The results have been displayed in two formats. In Fig. 6.19 the PLFRS
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FREQUENCY (Hz)
Fig. 6.19. PLFRS spectra of samples ERF 6, 7, 8, 10, 11, 12 obtained at 80 K with a laser excitation 
power of 800 mW.
quadrature experimental data is shown against frequency in a semi-log representation. 
Although no overriding pattern reveals itself, visual inspection shows that none of the 
lifetime distributions can be represented by a single time constant. Trends within the 
data become clearer when the calculated time constants, obtained by fitting equation
5.9 to the data, are shown in bar chart form for each of the samples (Fig. 6.20). Taking
the slow lifetime fust: the mean, x, is 500 ps and the standard deviation, o„_i, is 200 ps 
leading to a coefficient of variation, “ *■, of 40 %. Turning to the fast time constants,
X
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Fig. 6.20. Bar chart representation of the time constants associated with samples ERF 6, 8, 10, 11 and 
12. The time constants were obtained by fitting a double Lorentzian function to the spectra in 
Fig. 6.19.
the mean is 100 |as and the standard deviation is 80 j l l s ,  which yields a coefficient of 
variation of approximately 75 %. The relatively greater long lifetime for ERF 7 is 
not understood at present and, when this is removed, the coefficient of variation for 
the long lifetime becomes only 21 %. This statistical analysis of the data, even for this 
small sample, seems to indicate that the long time constant is not greatly influenced by 
the details of the environment around the Er ions, whereas the short time constant is 
more strongly affected by the local environment. The only data available for
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comparison comes from the work of Polman et al. [22], in which the implanted Er 
dose (at 250 keV) was varied over the range 1012- 1015 cm'2 in Cz-Si which had been 
preamorphised using 350 keV Si. The lifetime measuring technique employed by these 
workers was one of fitting an exponential function to the time decay curve of the 
luminescence, in contrast to the frequency domain technique employed in this research. 
However, the compatibility of the two techniques has been established in the literature 
[30]. The measurement accuracy they quote for the lifetime is ± 50 pis, which is 
approximately the value we have determined in this work. Moreover, only a single 
lifetime is referred to for the luminescence process, which runs much against the grain 
of all the work carried out on Si:Er since 1993 (including that described in this report), 
in which two lifetimes are observed. Although the authors observed a decrease in 
lifetime from 1.14 ± 0.05 ms for the 1012cm'2 Er fluence to 0.74 ± 0.05 ms for the 
1015cm'2 Er fluence, the change in lifetime for the range 5xl014 - 1015 cm'2 was 
indistinguishable from the measurement error. This earlier work therefore agrees with 
the work described in this report for the long lifetime, but not for the short lifetime.
6.3.3 Arrhenius plots of lifetime and PL intensity
For samples ERF 8 and 11 (samples with strong Er-related emission), experimental 
PLFRS spectra were obtained for luminescence at 1.54 pm and a laser power of 
800 mW and at temperatures over the range 10-150 K and 75-125 K, respectively. A 
double Lorentzian function was fitted to each set of experimental data. The results 
obtained for ERF 8 (5xld4 Er cm2, 380 keV; 1015 F cm2, 100 keV) and ERF 11
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(1015Er cm'2, 380 keV; 5x1 CP F cm'2, 100 keV) are shown in Figs. 6.21 and 6.22, 
respectively.
LIFETIME (sec)
FREQUENCY (Hz)
Fig. 6.21. Temperature evolution of the lifetime distribution of ERF 8 for emission at 1.54 pm with an 
excitation power of 800 mW. The curves show the results of fitting a double Lorentzian function to 
the experimental data.
Since, for the moment, only the frequencies of the fitted functions are being 
considered, for ease of comparison the data have been normalised to the same peak 
height and each curve displaced vertically on the graph. For ERF 8 (Fig. 6.21), two 
distinct phases of thermal evolution can be extracted from the lifetime distributions. 
With increasing temperature in the range 10 K to 55 K, the main component of the 
lifetime (where this is simply defined as the peak of the lifetime distribution) increases
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Fig. 6.22. Temperature evolution of the lifetime distribution of ERF 11 for emission at 1.54 pm with 
an excitation power of 800 mW. The curves show the results of fitting a double Lorentzian function to 
the experimental data.
from 380+30 j l l s  to 540+30 jas. From 55 IC to 140 IC, which was the highest 
temperature employed for this sample, the main component of the lifetime distribution 
decreases, with the lowest value being 33+5 |is.
For ERF 11 (Fig. 6.22), which was studied over the temperature range 75-125 K, the 
main component of the lifetime decreases with increasing temperature, from 
400+30 |iis at 75 IC to 90+10 jas at 125 IC.
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The fitted lifetimes (slow and fast) were represented as Arrhenius plots for samples 
ERF 8 (Fig. 6.23) and ERF 11 (Fig 6.24). For sample ERF 8, the slow lifetime
1000/T (K1)
Fig. 6.23. For ERF 8, inset shows lifetime plotted against temperature for the fast (filled symbols) and 
slow (open symbols) luminescence processes. Main graph shows Arrhenius plot of the same data.
increases by a factor of two from 500 to 1030 ps for increasing temperature over the 
range 10-55 K. As the temperature is increased from 55 K to 150 K the lifetime is 
quenched by a factor of approximately seven, decreasing from 1030 to 150 ps. The 
fast lifetime shows similar behaviour, increasing initially from 87 ps to 370 ps (a factor 
of four) as temperature is increased from 10 to 45 K, followed by a quenching of more
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Fig. 6.24. For ERF 11, inset shows lifetime plotted against temperature for the fast (filled symbols) 
and slow (open symbols) luminescence processes. Main graph shows Arrhenius plot of the same data.
than one order of magnitude (370 ps to 20 ps) for increasing temperature in the range 
45-150 IC.
For ERF 11, the slow lifetime quenches by a factor of almost two (440 ps to 245 ps) 
for increasing temperature in the range 75-125 K. The fast lifetime quenches less 
strongly (a factor of 1.3) over the same temperature range, decreasing from 70 to 
54 ps. Comparing the quenching of ERF 8 with that of ERF 11 over the same range
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(75-125 K), the slow lifetime of ERF 8 decreases from 670 jas to 235 jas (a factor of 
approximately three) and the fast lifetime decreases from 195 jis to 40 (is (nearly a 
factor of five). Thus, it can be seen that the two samples have very different lifetime 
quenching behaviour. Over the range 75-125 K, the slow lifetime of ERF 8 quenches 
almost one and a half times as fast with increasing temperature as that of ERF 11, 
whilst the differences between the quenching of the fast lifetimes of the two samples is 
even more marked (a factor of 1.3 for ERF 11 compared to a factor of approximately 
five for ERF 8).
Referring to the discussion of Er excitation in chapter 3, at 75 IC the longer 
luminescence lifetimes of ERF 8 (670 and 195 jits) compared to ERF 11 (440 and 
70 jxs) indicates that the luminescence efficiency in ERF 8 is possibly up to 50% more 
efficient than that in ERF 11 at this temperature [22]. However, the 80 IC 1.54 jam PL 
intensity of ERF 8 (see Fig. 6.9) is not significantly greater than that of ERF 11, which 
seems to imply that the greater luminescence efficiency of ERF 8 is offset by either a 
lower concentration of optically active Er ions or by a lower excitation efficiency of 
the Er. The lifetime quenching in ERF 8 with increasing temperature over the range 
75-125 K is greater than that measured for ERF 11, which implies that the 
luminescence efficiency is quenched more rapidly in ERF 8. That is to say, the 
back-transfer of energy from the excited Er is a stronger function of temperature for 
ERF 8. One of the proposals as to why codopants are effective in Er:Si is that the 
codopant helps to isolate the Er from the Si lattice [31]. The F dose in ERF 11 is five 
times that of ERF 8, which supports this idea.
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As reviewed in chapter 3, it has been proposed that Er in Si is excited via a donor level 
below the Si conduction band [9,17,23,32,33]. According to the model, the 
temperature distributions of the luminescence intensity and lifetime of the Si:Er are the 
measurable consequence of the balance between radiative and non-radiative processes 
occurring in the material.
The two discrete lifetime values measured for samples ERF 8 and 11 imply that there 
are two centres luminescent at about 1.54 pm. This prompts the question of what are 
the mechanisms causing the luminescence intensity quenching in these materials and 
whether these two centres differ with respect to their excitation and deexcitation 
mechanisms.
For sample ERF 8, the temperature dependence of the lifetime over the range 
80-150 K is compared with the temperature dependence of the luminescence intensity 
in Fig. 6.25. The intensity clearly decreases more quickly than the lifetime over the 
measured temperature range. While the PL quenches by a factor of approximately 18, 
the lifetime only quenches by a factor of 4, with increasing temperature over this range. 
As discussed in chapter 3, a decrease in intensity can be caused by either, less efficient 
excitation of the Er or, an increase in the nonradiative transitions from the excited state 
(backtransfer of energy). However, the quenching of the luminescence lifetime is due 
to a quenching of the luminescence efficiency. The lack of correlation between the 
intensity and lifetime data in Fig. 6.25 shows that the decreased lifetime, i.e. increased 
deexcitation, is unable to fully explain the quenching of the Er luminescence intensity
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in crystalline Si codoped with fluorine. This implies that there is a temperature
1000/T (K'1)
Fig. 6.25. For ERF 8, temperature dependence of the lifetimes associated with the fast and slow 
processes (right axis) compared with the temperature dependence of the 1.54 pm PL intensity (left 
axis). The lines through the points are intended as a guide to the eye.
dependence in the excitation rate. This agrees with other work in which it has been 
argued that the carrier detrapping effect is important [9,29,34]. The quenching of the 
excitation efficiency is probably due to carriers thermalising from the Er-related defect 
level into the Si conduction band. In section 6.2.5, the temperature quenching of the 
luminescence of ERF 8 was used to calculate as approximately 70 meV the energy 
difference between the Er-related level and the bottom of the Si conduction band.
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6.4 Integrated temperature sensor in Er-doped Silicon
6.4.1 Introduction
Temperature measurement is a critical aspect of innumerable industrial processes. 
Biomedical monitoring systems, and environmental regulatory systems, to name but 
two other primary applications, depend on temperature information in order to 
function effectively. The requirement to measure temperatures in otherwise 
inaccessible or difficult circumstances, such as those bathed in RF radiation, or other 
noisy electromagnetic environments, has been one of the imperatives in the 
development of optical sensors for this purpose [35].
Due in part to its low cost, high integrability and well understood electrical properties, 
silicon has been employed for a number of sensing applications including pattern 
recognition and motion detection [36], infra-red detection [37], chemical sensing [38] 
and pressure sensing [39], However, temperature sensors in silicon, which offer the 
possibility of integrating a temperature monitoring region and silicon microelectronic 
circuits, have not been widely reported, notable exceptions being the work by Freire et 
a l [40] and Szajda et a l [41] making use of the temperature-driven behaviour of the 
voltage across a forward biased p-n junction diode.
In fluorescence lifetime-based temperature sensors, the temperature-dependent lifetime 
of the fluorescence emitted from an appropriate material is utilized. Grattan and Zhang 
[35] review a number of fluorescent materials potentially useful for temperature
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sensing. If the materials used have a relatively long lifetime (>1 ps), special high-speed 
electronic components are not needed and the design of the lifetime detection 
electronics can be simple and made available at low cost. Furthermore, since the 
temperature of an appropriate fluorescent material can be determined from the 
measurement of a single intrinsic parameter (i.e., its fluorescence lifetime), the system 
is, to a first approximation, calibration-free. The measurement of the fluorescence 
lifetime does not depend on recording the exact signal level or on the particular optical 
configuration, which could affect the intensity of the signal received.
Much of the work reported on fluorescence lifetime-based temperature sensors has 
concentrated on temperature measurement from room temperature upwards [35]. 
Rather little effort has been expended on the investigation of the use of fluorescence 
thermometry in the sub-room temperature region [42,43]. In fact, the active research 
work in the area of superconductors and the optimistic expectation of the applications 
of such research [44,45] shows a promising area for the use of dedicated 
thermometers. Another potential area of application is the monitoring of temperature 
conditions in the liquid fuel tanks of rocket engines, where temperatures can be as low 
as about 20 K [35].
The use of the frequency resolved spectroscopy technique to measure the distribution 
of lifetime for Er in Si, described in section 6.3 of this chapter, has shown that the 
luminescence lifetime is a strong function of temperature. For sample ERF 8, the 
fluorescence lifetime decreases by approximately an order of magnitude over the 
temperature range 55-150 K (see Fig. 6.23). Strong quenching of lifetime with
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increasing temperature has also been reported by several other authors [26,28,29,34]. 
Taking these results as proof of principle, it will now be suggested how this intrinsic 
property of the material can be used in a temperature sensor over the cryogenic range.
Rare-earth (specifically, using neodymium) temperature sensors in optical fibers have 
already been realised for use above room temperature and this work is summarised by 
Zhang and Grattan [35]. One of the advantages of using Si as the sensing medium is 
that the sensing region can be fabricated on the same substrate as other Si devices. Of 
course, the other advantages of fiber optic fluorescence thermometry are still valid, 
notably: its use in noisy electromagnetic environments; simple implementation and 
calibration; safety in hazardous environments; and miniature design.
6.4.2 Calibration of the temperature dependence of the Er3+ luminescence lifetime
For the purposes of calibration, sample ERF 8 (5 x 1014 cm2 Er+ and 1015 cm'2 F), 
which had shown strong photoluminescence at 80 IC (see Fig. 6.9), was used. 
Following the procedure described in chapter 4, spectra of lock-in amplifier output in 
the quadrature configuration against modulation frequency were obtained for 
temperatures over the range 45-150 IC and fitted with a double Lorentzian function
(6.1)
recalling that 05 is the modulation frequency of the excitation beam and To and Ti are 
the time constants of the 1.54 jam luminescence.
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The experimental data obtained over the range 45-150K are shown in Fig. 6.26. Using
a data fitting package employing a least squares fitting algorithm [27], it was found 
that the data could be represented with a function in the form of A  +  B l c , where T is 
the lifetime (Fig. 6.26). It is not implied that this function has any physical significance,
merely that it provided the most satisfactory fit to the experimental data.
<
'C
To
Temperature (K)
Fig. 6.26. Experimental data for the temperature distribution of lifetime plotted as a calibration graph
for the proposed sensor. The solid line shows the fit to the experimental results of the function
T = A +Bxc , where A, B and C have the values indicated. The axis at right shows the relative
... . . A t 1sensitivity given by “ T *
By least squares fit, the lifetime measurements indicate that temperature sensing over 
the range 45-150 K ±  11 K is achievable, where the error was deduced from the 
average scatter of the lifetime data about the fitted curve. The relatively larger errors
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seen for the latter part of the range are due to the fall off of photoluminescence 
intensity with temperature which is a characteristic of Er in Si.
As a proof of principle the quoted temperature range is adequate, although the
accuracy could be improved by taking lifetime measurements at many more
temperatures in this range and providing the sensor with a calibration look-up table of
these values. Intermediate values would be handled by interpolation between the
experimental values. A measure of the worth of a measurand for a temperature sensor 
is the relative sensitivity, which is usually expressed as The values obtained for 
the proposed sensor are also shown in Fig. 6.26. It is worth noting that the maximum
relative sensitivity of lifetime to changes in temperature is about 6 %/K for sample
ERF 8 compared to about 0.1 %/K for the ruby-based temperature sensor developed
by Anghel et al. [46], which also operates in the sub-room temperature range.
6.4.3 Temperature sensor design
On the basis of the results reported, an idea for a temperature sensor is now described. 
The sensor design (Fig. 6.27) which is envisaged has the excitation source coupled to a 
silicon on insulator (SOI) rib waveguide via a multimode silica fibre located in an 
etched v-groove, in which use could be made of novel micromachined protrusions to 
grip the fiber [47]. Part of the waveguide is doped with Er. As described in Section 
3.3.1, ion implantation would be a suitable means of achieving a region of Er doping, 
with coimplantation of either F or O. The remainder of the waveguide is undoped and 
serves to guide the 1.54 |lm emission to the detector, The detector could either be
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M 1 G R U M A C H 1 N E D  FIBER GRIPS 
980 nm in
Fig. 6.27. Temperature sensor with fiber input and erbium-doped region acting as filter for pump 
beam at 980 nm
hybridised onto the SOI substrate or addressed at a distance via a silica fiber sitting in a 
V-groove.
The Er emission wavelength of 1.54 jam suffers from very little intrinsic absorption in 
Si and waveguides have been fabricated with as little as 0.1 dB cm1 propagation loss 
[48]. Since single optical mode operation is not necessary for this device, the 
dimensions of the ribs can be large, of the order of 40 jam x 40 jam, to enable efficient 
coupling of the excitation signal and provide a large area for doping with Er. The rib 
waveguide and v-grooves can be fabricated using processes which are standard in the 
microelectronics industry [48]. This compatibility means that the sensor could be 
integrated with other silicon-based microelectronics.
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Sources for pumping Er in Si must be at a wavelength above the Si bandgap 
wavelength (1.05 jxm), since, as described, free carriers are involved in the excitation 
mechanism. For this sensor, a high power 980 nm AlGaAs laser diode is envisaged. It 
should be noted that the excitation beam is not expected to contribute significantly to 
the detected signal, the intrinsic absorption coefficient for Si at 980 nm at a typical 
operating temperature of 77 K being about 10 dB cm1 [49]. The Si waveguide would 
act, therefore, as a built in filter at this wavelength.
The detector could either be a discrete device (Ge or InP photodiode) coupled to the 
output waveguide arm, for which a micromachined feature would aid in alignment [50] 
(furthermore, the laser diode could be aligned with the waveguide by the same 
method), or a SiGe detector grown epitaxially on the silicon substrate [51,52,53].
6.4.4 Signal processing system
The measurement of the temperature distribution of the luminescence lifetime of 
Er-doped Si required relatively bulky equipment in both the excitation (i.e., the Ar ion 
laser) and detection (i.e., the acousto-optic modulator and lock-in amplifier) parts of 
the system. For a temperature sensor employing this material to leave the optical bench 
and be installed wherever it is needed, a certain degree of miniaturisation of the 
excitation and detection functions is required. The use of a 980 nm laser diode for 
excitation has already been discussed, therefore what follows will outline the signal 
detection and processing system.
130
Chapter 6 Results and Discussion
A category of signal processing approach, termed Phase Sensitive Detection with Pulse 
Modulation and a Single Reference (PSD-PMSR) has been developed by Zhang and 
Grattan [35] for the detection of fluorescence lifetime, and has been successfully 
applied to fibre-optic thermometer schemes [54]. A schematic diagram is shown in Fig. 
6.28.
Fig. 6.28. A PLD-PMSR system. FID: the luminescence inducing and detecting devices. LPF: low 
pass filter. VCO: voltage controlled oscillator
The excitation light source is modulated by a signal from a voltage-controlled 
oscillator (VCO) of a square wave form. The fluorescence response follows the
variation of excitation light in intensity, but lags behind it by a phase shift, (j), which 
corresponds to the fluorescence decay time through the equation (j) = tan-1 (cot). In this 
signal processing scheme, this signal is sent to a mixer to mix with a reference signal
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derived from the VCO output with an introduced phase lag of a fixed fraction, a, of 
the period. The resulting mixed signal is then filtered by a low-pass filter (LPF) and 
further integrated, with the resultant voltage signal being fed back to control the 
output frequency of the VCO. It can be shown [35] that the VCO will finally be driven 
to operate at a frequency at which the integration of the mixed signal is zero. The 
period of this frequency is directly proportional to the lifetime, and thus to the 
measurement. This allows a high resolution to be achieved over a wide range of 
lifetimes.
The choice of the value of the phase shift ratio, a, is important: firstly, to ensure that 
the phase-locking criteria is met; secondly, to maximize the measurement resolution 
and accuracy. It can be shown [35] that both these conditions are fulfilled by values of 
a which are in the range 0.348-0.375, the exact value being chosen within this range 
taking into account the convenience of the design of the electronic circuit.
Being based on the use of lock-in techniques, the signal processing scheme suggested 
for this temperature sensor has the important advantage of a high noise-suppression 
ability. The electronics needed to construct such a PLD system are inexpensive and 
compact, and the minimum measurable fluorescence lifetime is ~ lps, a limit set by the 
electronic components used.
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6.4.5 Noise Analysis
The sources of noise in the signal processing circuit will be shot noise originating in the 
photodiode and thermal noise originating from the resistance in the low pass filter 
(LPF) and from active elements in the amplifier. To be distinguishable from the noise 
signal, the detector output current must at least equal this value (i.e. a signal to noise 
ratio, SNR, of one). However, detection at a SNR of one is not easy. Hence, in the 
following calculations we shall assume a SNR = 3 dB (i.e. a factor of 2). If the 
sensitivity of the detector is known then a value can be calculated for the optical power 
incident on the detector which is required to yield this output.
First of all, it is necessary to calculate the cutoff frequency required for the low pass 
filter, since this determines the bandwidth of the system. In their analysis of the type of 
circuit shown in Fig. 6.28, Grattan and Zhang [35] calculate that the value of the phase 
fraction, a, at which the system operates best gives a lifetime gain of about 10. If the 
range of lifetimes to be measured varies over the range 1 ms to 10 (is, then the VCO 
will be made to operate over the range 100 Hz-10 kHz. The detector bandwidth, B, 
should therefore be ~ 20 kHz. The cutoff frequency, fc, of the low pass filter should 
therefore be ~ 20 kHz.
For detection at a wavelength of 1.5 jam, a low noise InGaAs photodiode could be 
used. A typical device which could serve in the detection system shown in Fig. 6.28 is 
the EG&G J18-18I-R250U-1.9 photodiode which has a cutoff frequency of 2 MHz
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and a specified noise equivalent power, NEP, of 0.03 pW/Hz1/2. The responsivity, S, of 
this detector at 1.5 fim is 1.0 AAV and the dark current, Id, is typically 0.01 jllA.
The expression for the SNR of a photodiode receiver is [55]:
Where Ip is the detector signal current; Id is the detector dark current, T is the 
temperature, Fn is the noise figure of the amplifier used and RL is the load resistor 
across the detector.
We want to calculate the detector current, Ip, for a particular SNR. Rearranging 
equation 6.2 in terms of Ip and solving the resulting quadratic equation gives:
The following values will be used: SNR=2, B= 20 kHz, Id=0.01 jiA, F=2, RL=1 MO, 
T=300K. Using the values above and ignoring the unphysical negative solution, the 
minimum detector current required is Ip~ 38 pA.
The noise current of 38 pA can now be referred to the optical power incident on the 
detector. For a responsivity of 1.0 AAV, 38 pA is equivalent to 38 pW optical power.
AkTBF„
rL ) (6.3)
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To estimate the concentration of optically active Er required to give an input power of 
38 pW at the detector, it is necessary to make assumptions for the losses along the 
path from the region of light emission to the detector. The Er luminescence will be 
emitted into a solid angle of 4n steradians. However, not all of this will be guided by 
the SOI waveguide towards the detector, since half of it will be travelling in the wrong 
direction. This introduces a loss factor of 2. Absorption in the waveguide at the 
wavelength of 1.5 pm can be ignored, since it will be much lower than the other losses 
[48]. On emerging from the waveguide, the light has to be coupled into a fibre. For a 
waveguide of dimensions 40 pm x 40 pm, the coupling loss into a multimode fibre 
(core diameter 50 pm) can be assumed to be the Fresnel loss at the waveguide to fibre 
interface (Si to Si02). This gives a loss factor of 1.2. Finally the light emerging from 
the fibre must be accepted by the detector. Allowing for reflection from the detector 
window, we can assume that 50 % coupling is possible. Multiplying through the 
various loss factors gives a total of 2 x 1.2 x 2 - 4.8. Hence the optical power emitted 
by the Er should be at least 17 pW x 4.8 -  180 pW.
It now remains to see what concentration of optically active Er is required for the 
optical power calculated above. Xie et al. [56] give the power emitted by a volume V 
containing a concentration NEr of optically active Er3+ ions as
P  = (NEr/t)(hc/X)V (6.4)
Rearranging this equation in terms of NEr
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Assuming dimensions for the waveguides of 40 pm x 40 pm, and Er implantation to a 
depth of about 2 pm with several overlapping implants, an active volume V of around
3.2 x 10'9cm3 results. Talcing the spontaneous lifetime, Tsp of the Er emission to be 
1 ms [57], the concentration of optically active Er required is, therefore, NEr ~ 5 x 
1014 cm3. The maximum optically active concentration of Er achieved so far has been 
5xl017 cm3 [8]. Therefore, this temperature sensor is realisable in its present form with 
current implant technology, as described in Section 3.3.1.
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7 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
7.1 Introduction
This project was established to provide additional information in the following lines of 
research. Firstly: to add depth to the study of fluorine as a co dopant in erbium-doped 
silicon. Fluorine has languished behind oxygen, which is regularly employed as a 
codopant, in the amount of attention it has received. Secondly: to identify 
technological niches in which erbium-doped silicon may outperform, in some way, 
materials which are currently being used. The remainder of this section will be used to 
forge conclusions on the basis of the results which have already been presented and 
commented upon in chapter 6.
7.2 Material and luminescence properties of Si:Er, F
CZ Si was implanted with Er doses of 1014 - 2xl015 cm'2 at an energy of 380 keV and F 
at doses of 1015 - 5xl016 cm2 at an energy of 100 keV, in a 4x4 experimental matrix. 
Annealing was carried out at 600°C for 4 hours in N2 ambient in order to regrow the Si 
by solid phase epitaxy (SPE). Rutherford backscattering and channelling measurements 
showed that the regrowth depended very much on the initial dose of fluorine. 
Photoluminescenee (PL) measurements were also used to compare and contrast the 
effects of changing the dopant dose. These indicated that the Er:F-related level is 
closer to the Si conduction band than it is when the codopant is O.
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At best, Er was incorporated in good quality crystal Si at concentrations up to 
1020 cm3. This is two orders of magnitude greater than the estimated solid solubility 
and is equal to the largest figure so far reported [1]. For all but the highest F dose, 
regrowth took place to at least within 250 A of the surface. When the F dose was 
5xl016 cm'2, a thick (-2300 A) amorphous layer was left at the surface following 
annealing. These samples showed less than 20% of the Er to be in c-Si and negligible 
PL was obtained at 1.5 pm. It is tentatively suggested that, at high doses, F plays a 
role similar to that observed for carbon in impeding the regrowth of amorphous Si.
For the lowest dose of F (1015 cm'2), regrowth of the amorphous layer took place to 
within 250 A of the surface. Following annealing, the Er segregated into two regions, 
one approximately 500 A deeper than the peak of the original implant, which was at 
1200 A, and one very near the surface. The maximum concentration of Er in this case 
was 2 x 1019 cm3. The Er peak close to the surface is consistent with the segregation 
and trapping of Er as the amorphous/crystalline interface sweeps towards the surface 
during SPE. It is believed that the finding of Er deeper than the original implant occurs 
because a buried amorphous layer was present in the as-implanted sample. Then 
regrowth at the deeper of the two amorphous/crystalline interfaces caused some Er to 
remain behind. The 1.54 pm luminescence from this material was weaker compared to 
samples which had received the same Er dose and a 5 times greater F dose.
High resolution (A?v=1.4 nm) photoluminescence showed the spectra to be rich in 
features. For the highest F (5xl016 cm'2) dose the spectra became more complex. 
Across the range of F doses a sequence of lines (labelled B, G and M in the text in
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chapter 6) could be observed which have been correlated with isolated interstitial 
erbium. By reviewing the available literature it was found that the relative intensities of 
these lines are approximately the same, independently of the concentration of Er and 
the species present as codopant. The origin of these lines as Er-F complexes has 
therefore been ruled out. A thermally unstable interstitial lattice site of hexagonal 
symmetry emitting at 1570 nm was also identified. Spectra taken at 20 K across a wide 
wavelength range revealed defect-related emission at 1400 nm and a low symmetry 
(probably axial), sharp line at 1615 nm. The latter has never been reported before and 
was seen to be thermally unstable since it did not appear in spectra taken at 80 K.
The remaining lines in the complex spectrum from samples, such as ERF 6, which 
received lxl016 F cm'2, are probably due to implantation-induced lattice defects.
The samples which yielded the highest intensities at 1.54 \xm (ERF 4, 8, 12 and 16) 
were those with the lowest doses of F (1015cm'2). Following further annealing of these 
samples at 900°C for 30 mins, at most a doubling of the PL intensity was observed and 
the peak wavelength shifted from 1535 to 1531 nm. The spectra obtained after the 
600 °C + 900 °C anneals were broader by about 40%,
The shift in the emission wavelength is probably caused by a restructuring in the Er 
local environment. The thermal energy required to activate this process was calculated 
to be in the range 75 meV kE^k 100 meV. The fact that the greatest post-900 C 
increase in PL intensity was observed for ERF 16 (1015 F cm'2, 2xlOI5Er cm'2), which
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contains the highest dose of Er, appears to indicate that proportionally more Er is 
made optically active in this sample by the 900 °C anneal.
The transient properties of the Er3+ luminescence were explored using the 
photo luminescence frequency resolved spectroscopy (PLFRS) technique developed by 
Depinna and Dunstan [2]. As far as the author is aware this is the first time this 
technique has been applied to Er-lifetime measurement. The temperature quenching of 
the luminescence intensity was compared with the quenching of the luminescence 
lifetime. The decrease in luminescence efficiency indicated by the lifetime was unable 
to explain the drop in intensity, which seems to indicate that the luminescence 
quenching is caused by thermalisation and detrapping of electrons from the Er-related 
defect level to the conduction band. This is further evidence [3,4,5] that baclctransfer 
of energy from the excited Er is not important in the temperature quenching 
mechanism. The energy gap between this defect level and the bottom of the Si 
conduction band was, in the majority of cases, approximately 60 meV, suggesting that 
the defect level lies closer to the conduction band than when the codopant is O. This 
would assist the thermalisation of carriers into the conduction band.
At 75 K the longer luminescence lifetimes of ERF 8 (670 and 195 (is) compared to 
ERF 11 (440 and 70 j l l s )  indicate that the luminescence efficiency in ERF 8  is possibly 
up to 50% more efficient than that in ERF 11 at this temperature [6]. However, this is 
offset by either a lower concentration of optically active Er ions or by a lower 
excitation efficiency of the Er. The lifetime quenching in ERF 8 with increasing 
temperature over the range 75-125 IC is greater than that measured for ERF 11, which
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implies that the luminescence efficiency is quenched more rapidly in ERF 8. This 
supports the idea that the role of the codopant is to help isolate the Er from the Si 
lattice [7].
1.3 Technological roles for Er-doped Si
Er-doped Si is luminescent at 1.54 |nm. This encapsulates two useful properties. 
Luminescence from Si, the workhorse of the semiconductor industry, is attractive 
because silicon itself, possessing an indirect bandgap, only shows very weak 
luminescence. Since it would circumvent the need to hybridise light emitters based on 
III-V materials with silicon circuits, processing would be much simplified also. The 
wavelength of the luminescence, 1.54 jam, coinciding with one of the absorption 
minima of silica-based optical fibers, is a further lure to developing Er-doped Si. 
Silicon is also transparent at this wavelength. Therefore the development of an 
electrically excitable (and hence open to modulation) silicon-based LED, optical 
amplifier or laser, the latter if sufficient gain could be generated, would allow optical 
communications between chips. This has been covered by other authors and has been 
reviewed in chapter 3.
The lifetime, more than any other temperature-dependant property (e.g. the 
luminescence intensity), is a suitable property on which to base a temperature sensor. 
The relationship between the phase difference of the excitation and luminescence 
signals, <|>, and the lifetime of a particular luminescence process, t :
tan (j) =  GST
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where co is the angular frequency of the modulation applied to the excitation signal, 
reduces the complexity of the task from measuring a lifetime to measuring a phase 
difference. The subject of temperature sensors based on fluorescence lifetime, 
including the design of the phase detection part of the electronic circuit, has received a 
lot of attention in recent years [8]. Temperature sensors in silicon are less common, 
however, and to the author’s knowledge, a sensor based on the luminescence 
properties of Er-doped Si has not been proposed. In this work, preliminary suggestions 
are put forward for a temperature sensor operating over the range 45-150 IC. The idea 
is to employ rib waveguides fabricated in Silicon on Insulator (SOI) material, which 
are low loss at 1.54 pm [9]. The sensors are addressed optically via a modulated 
980 nm laser diode. The design which is outlined has a V-groove etched at one end to 
take a silica fibre. This is coupled to the laser diode at one end and to a rib waveguide 
with a region of Er doping at the other. It has been calculated that the relative 
sensitivity of a sensor based on these designs could be as high as 6%/IC. To achieve a 
signal to noise ratio of one in the signal processing circuit, it was calculated that 50% 
of the implanted Er must be optically activated.
7.4 Suggestions for further work
1. In order to identify the nearest neighbours of Er (i.e. O, F or Si) in the Si lattice 
X-ray absorption fine spectroscopy (EXAFS) should be performed.
2. The goal of having Si-based LEDs and optical amplifiers requires quantum 
efficiencies which rival those of III/V materials. Additional implantation and annealing
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conditions could be explored as a way to increasing the luminescence from the 
material.
3. For the idea presented for the temperature sensor to be turned into a prototype 
device, the noise analysis performed suggests that current implant technology is a 
viable means of manufacture. A misgiving concerning the use of Er luminescence 
lifetime measurement in a temperature sensor is that the samples measured differed in 
the response of their lifetimes to changing temperature. This would require individual 
calibration for each sensor constructed. Further exploration of the lifetime could shed 
light on ways of achieving a more repeatable response in the lifetime characteristic.
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